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ABSTRACT 
The processes of surface treatments or surface modifications, more formally known as 
surface engineering, tailor the surfaces of engineering materials. The treatments are usually 
intended to change physical properties such as thermal or electrical conductivity, modify the 
surface dimensions, i.e. roughness, etc. Numerous researches are immerging in the advanced 
functional surface modifications like bioengineering and electronics applications. Common 
surface treatment follows two major categories: surface coatings and modification of surface 
material itself.  
This novel surface treatment method, Electrolytic Plasma Process (EPP), was developed for 
coating purposes, in its early developmental stage. In this work, the major effort is to avoid using 
any environmental hazardous chemical (coatings) and to extend such its application to some new 
fields. The general response of the substrate material under electrolytic plasma process was 
summarized including the morphology and its thermodynamic background, microstructural 
change and its physical process. Selection of operation parameters in direct current EPP was 
addressed with experimental results. 
The major component of this work covers the corrosion improvement on widely used 
structural materials and its electrochemical analysis. The improvement of corrosion resistance 
over a long time testing condition was confirmed on steel material. These improvements are 
closely related to the unique surface micro-features with EPP treatment. But the improvement in 
aqueous corrosion is material dependent. The adverse impact in corrosion was found on EPP 
treated aluminum alloy.  
xiii 
 
The cleaning of obstinate surface contaminates like oxides scale under high temperature 
was studied. And the results indicate that the EPP treatment is very efficient and no significant 
loss of substrate metal is found.  In the study of the new application of EPP on the oxidation 
resistance under high temperature, results indicate that the surface oxide bonding strength is 
enhanced by EPP treatment under thermal cyclic loading condition.  
A small chapter on new topic of EPP applications on welded joints was presented. The 
local thermal and mechanical impacts enable EPP to be a good candidate for post weld heat 
treatment. Relief of residual stress after EPP is contributed to the improvement in tensile strength. 
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CHAPTER 1. INTRODUCTION 
 Surface cleaning is crucial in each step of modern manufacturing processes and 
operations. Existence of unexpected foreign objects, dirt, oil or chemicals, etc. on surface could 
significantly impair the effectiveness of the following surface cleaning treatments or operations. 
Both mechanical and chemical methods are commonly used to clean surfaces. The common 
mechanical cleaning methods are sand blasting, compressed air or water jet, and ultrasonic 
cleaning. Chemical methods include acidic/alkaline cleaning, emulsion cleaning and molten salt 
bath cleaning  (ASM Handbooks Online 2008), but both of these methods request multiple post 
cleaning steps and all these methods would produce hazardous particles or chemicals. With 
increase of awareness of environmental issues and regulations on safety of hazardous operations, 
these conventional methods would have to be limited. Thus, there is a high demand of cost-
effective and environmentally friendly surface cleaning and modification technology. In this 
study, electrolytic plasma process (EPP), as a novel environmentally benign process, is studied.  
 In most of engineering applications, material (either functional or structural) surfaces are 
subject to certain treatments in order to enhance surface integrity or fulfill extra functions, like 
corrosion prevention. The treatments on surface could generally being considered are the 
following types: micro-structural change, precipitation, foreign element diffusion and coating. 
The first two types are the re-configuration of surface with the original surface material, while 
other two composites are the properties of foreign materials. Electrolytic plasma process could 
evoke significant heat near target surfaces and the heat affected zone could be confined at a 
limited depth beneath the surface. Such energy level enables all the four types of functions by 
adjusting appropriate operational parameters.  
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1.1 Short History of Electrolytic Plasma Study 
 The discovery and study of electrolytic plasma could be traced back to 1890s  (Gubkin 
1887), (Klupfel 1905). And even earlier discovery of the luminous discharge between two 
carbon electrodes was reported by French physicists, Hippolyte Fizeau and Leon Foucault in 
1844 (Wuthrich 2009).  This technology was developed for surface treatments in previous Soviet 
Union. Many literatures were published in Russian language by Russian and Ukrainian scientists 
(from 1930s to present). This technology was systematically reviewed and started to draw 
attention by the Western world researchers until the end of the 21
st
 century (Yerokhin et al. 
1999). This process occurs at the interface between electrolyte and a solid metal; it is this 
character that differs from the conventional study of plasma. Also, the conventional gaseous 
plasma is usually examined in vacuum or quasi-vacuum conditions, while this method could be 
implemented under atmospheric pressure, which opens the possibility of economical and 
efficient industrial application. 
1.2 Plasma the Fourth Matter 
 The general term plasma is usually referred as a gas containing charged and neutral 
particles. Thus, ionization of the charge carrying species is the major characteristic of plasma, 
which distinguishes this status as the fourth state of matter. Plasma is characterized by its degree 
of ionization, which defines the ratio of charged particle number to its original particle number. 
The plasmas are also categorized into three groups according to their physical conditions: 
electric discharges, gaseous discharge and glow discharge. Such difference in appearance is 
dependent on the power application and the chemical species being ionized in plasma  (Bardos 
and Barankova 2009), (Bazelyan and Raizer 1998).  
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1.3 Current Development of Electrolytic Plasma Process 
 As mentioned in the previous section, the application of EPP is largely dependent on the 
nature of discharge and its impact on the resultant surfaces. Due to the electricity conduction 
requirement of this method, the target surfaces are usually metals. Anodic plasma discharge is 
studied very extensively from two decades ago. The conventional name for such process is 
plasma electrolytic oxidation (PEO) or micro-arc oxidation (MAO). This method has been 
applied on aluminum, magnesium, titanium and other alloys. The surfaces subject to PEO yield 
an oxide layer, which reflects advanced chemical and mechanical properties, compare to its bulk 
volume counterparts (Nie et al. 2002). The properties of such oxide layers would also altered by 
applying DC or AC power (Maximov et al. 2006). Cathodic plasma discharge is recently studies 
by groups. Its application includes surface hardening, surface coatings, etc. (Gupta et al. 2005), 
(Aliofkhazraei et al. 2007), (Wang et al. 2009).  The surfaces could be enhanced through 
different mechanisms. The details of the applications with EPP are reviewed in Chapter 2.  
1.4 Types of EPP 
 Electrolytic plasma could be categorized with polarity and configuration. Also, the forms 
of plasma, i.e. corona, spark or arc discharge, is largely dependent on the local temperature of 
plasma (Morse 1904) and it is further related to the current application. The EPP target surfaces, 
depending on application, could serve as either anode or cathode in an electrochemical cell. 
When the target surface is positively (anodic) connected, oxidation reaction is induced on metal-
electrolyte interface and with this polarity the surfaces usually yield a layer of oxides, which 
service as a barrier for corrosion and wearing resistance (Ikonopisov 1977), (Krysmann et al. 
1984), (Nie et al. 2000), (Gerasimov 2007). The plasma induced on negatively (cathodically) 
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connected target surfaces is much intense due to the different nature of surface reactions. The 
cathodic EPP has many applications in terms of surface cleaning, coating and other 
modifications  (Gupta et al. 2007).  
 The other way to differentiate electrolytic plasma discharge is categorizing the process 
with different configurations. Gasin and Son (2005) listed the possible configurations and shape 
of discharge zones (Figure 1.1). The configurations (a) to (g) are the conventional non-contact 
discharges, where a small gap is kept between electrode and solution. The type (h) is referred as 
contact (glow) discharge, where the electrode is immersed in solution. Such configuration 
enables vapor formation between metal and liquid. The target metal also could have contact with 
liquid frequently under certain condition.  
 
Figure 1.1: Types of vapor-air discharge  (Gasin and Son 2005) 
1.5  Objective of Dissertation 
 The objective of this dissertation is to address the electrolytic plasma process in terms of 
its operation parameters and its impact on the metal surfaces. Also, it is intended to explore the 
new applications of this method in surface engineering. 
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1.6 Scope of Dissertation 
 In this dissertation, detailed literature review (Chapter 2) on the physics, and engineering 
aspects of EPP phenomenon is presented. The study of the surface effect will focus on the 
morphology, chemical composition, and micro-structural changes after EPP treatment.  A large 
portion of this dissertation is devoted to present the EPP applications in surface engineering. The 
applications include aqueous corrosion, oxidation resistance, and residual stress relief application. 
The experimental procedures for EPP treatment are introduced in Chapter 3. Also, the basic 
characterization of EPP treated surfaces are presented in Chapter 3. In the study on aqueous 
corrosion (Chapter 4), the corrosion prevention mechanisms are to be examined with EPP 
treatment on different materials. And the optimization issues on EPP operation parameters are 
studied. The similar study methodology will be applied on oxidation prevention of EPP treated 
high alloy steels (Chapter 6). The surface cleaning topic covered in this dissertation is the surface 
cleaning involving the oxides grown from long term high temperature operations (Chapter 5). It 
is intended to present the advantage of this method, in comparison with other conventional 
surface cleaning process. Most of the study will focus on the impact of surface features with the 
presence of external loads (thermal or chemical). With the unique surficial process of EPP, this 
method is introduced onto welded joints (aluminum and steel alloys). Chapter 7 focuses on this 
topic and it is the first time to utilize electrolytic plasma on weld joint treatment.  
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CHAPTER 2. LITERATURE REVIEW 
 Although the major discussion of this study will focus on the plasma discharge impact on 
the material surface, the physics of plasma near the material surface, and the formation 
mechanisms are very important issues. The pure plasma related topic will be reviewed in this 
chapter. The following review will also cover the plasma discharge initiation mechanism and gas 
dynamics near the electrode surface, which would significantly influence the quality of plasma 
discharge and the resultant surface properties. The existing researches on the application of EPP 
technique are listed as well. 
2.1  Plasma Discharge Physics 
The kinetics of plasma discharge initiation in pure gas condition has been covered in many 
textbooks (Kunhardt and Luessen 1983), (Braithwaite 2000), (Wuthrich 2009). These three 
research monographs include the major reviews of gaseous electrical breakdown. Numerous 
journal paper reviews on the pure plasma science are included. The most relevant topics are 
selected for revision in the following sections. The formation of plasma is usually occurs in 
gaseous medium. The formation process itself is usually referred as an ionization process or a 
breakdown (of initially insulated gas). Either electron or ions needs to acquire enough kinetic 
energy in order to transport electric charges towards electrodes via certain physical mechanisms. 
Upon the formation of such particle transportation, large charge current is driven by the potential 
across the electrodes. Thus, this process is also called electrical discharge. Such discharge occurs 
in daily life and in different length scales. For example, lightning in a thunder storm and the 
sparks between clothes in dry winter weather when one takes them off. The forms could take 
places as far as a few kilo meters, while the latter one occurs within a few to a few hundreds of 
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micro meters. In general, the discharges are divided into three types, which would essentially be 
determined by the local chemical environment and electrical charge profiles.   
2.1.1 Townsend discharge 
 The development of this theory could be traced back the early study of breakdown 
properties by Paschen in (1889). The Paschen’s law states the relationship between breakdown 
voltage, which is the threshold electrical potential required for sufficient charge transfer through 
a gas medium, environmental pressure and electrode distance, Equation (2.1). 
           
       
          
 
(2.1) 
Where, p is the environmental pressure. d is the gap distance between electrodes. Ce1 and 
Ce2 are empirical constants. 
In Townsend (1910), (1915) discharge, the breakdown of gas is described by particle 
collision mechanisms. The major kinetics is the collision between high momentum free electrons 
(  
 ) and low momentum orbital electrons (  
 ), which is originally orbiting around metal atom 
(M). The collision is a physical source of ionization process and results an alkaline cation 
(positively charge ion, M
+
) and two low momentum electrons. Equation (2.2) is the chemical 
expression of primary process of Townsend discharge. The resultant electrons are further 
accelerated in strong electric field and induce a next collision. Thus, such mechanism is self-
sustained in the existence of external electric field. The electron-electron collision is the primary 
mechanism and is also referred as electron avalanche mechanism. There are other secondary 
possible mechanisms (Equation (2.2)-(2.5)) of ionization including electron-particle, photo-
ionization and thermal ionization, etc. The physical process could be rather complicated by 
considering non-elastic collision as well. The early theoretical approach is to introduce a few 
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coefficients describing the collision probability of difference species. This theory was further 
develop and confirmed by Loeb (1939), (1947) and Llewelly-Jones (1957), (1967). This kinetics 
theory is valid for the discharge at low pressure (<100 torr = 0.133 bar) and the pressure times 
distance range is pd < 200 torr ∙cm. There are many recent studies on the electric discharge in 
these pressure regions (Biswas and Mitra 1979), (Garamoon et al. 2003), (Lisovskiy, Yakovin, 
and Yegorenkov 2000), (Pejovic, Nesic, and Pejovic 2006). But such condition is far from 
atmospheric application. Hence this theory is not discussed in detail in this study, but it certainly 
originates the systematic study of plasma. 
  Table 2.1: List of major types of collision in Townsend discharge  (Kunhardt and Luessen 
1983), (Wuthrich 2009)  
Expression Corresponding physical process Equation 
    
       
    
  Electron-electron ionization (2.2) 
    
       
  Electron-molecule/atom excitation (2.3) 
           Photo-ionization (2.4) 
     
        
     Thermal ionization (collision with excited ion) (2.5) 
2.1.2 Glow discharge 
 The name explains the appearance of this type of discharge, with continuous power 
supply, luminous light is observed near electrode surface. In glow discharges the electron 
emission from the cathode is mainly secondary electron production by heavy ion impacts. This 
implies high voltage requirement. A characteristic voltage-current curve suggests the different 
features of discharges (Figure 2.1). Such low pressure discharge might have different level of 
activation energy comparing to atmospheric discharges in EPP. 
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Figure 2.1: Electric circuit for discharge in vacuum tube (left); characteristic voltage-
current curve for types of discharges (right) (Wuthrich 2009) 
2.1.3 Arc discharge 
 Arc discharge usually falls in the category of low voltage and high current type. A typical 
example of arc discharge is lightening phenomenon. The major physical mechanism for initiation 
of arc discharge is thermal ionization and field emission. The localized high current enable the 
fast heat up of cathode surface and initiate the continuous thermal ionization. The discharge 
phenomenon involved in current study is considered have characteristics of arc discharge 
(Wuthrich 2009). The electron currents induced by the two abovementioned mechanisms were 
summarized by the two formulations. The two currents by thermionic electron emission and field 
emissions are referred as Dushman-Richardson relation Equation (2.6) and Fowler-Nordheim 
Equation (2.7), respectively (Rose and Korff 1941).  Both formulations are given in an 
Arrhenius’s form, with a coefficient multiplied by an exponential function, containing certain 
activation energies in numerators.  
               
      
  
   
  
(2.6) 
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(2.7) 
Where, eΦ is the work function defined for the electrode and has units of electron volt. T is 
temperature in Kelvin. kB is Boltzmann constant. Ce is an empirical constant. EF is the Fermi 
level in electron volt. E is the electrical field applied across interface.  
 The typical breakdown voltage for such discharge is 10
6
V/cm for air, which is about the 
ionization potential of air. The arc discharge voltage is inversely proportional to the molecular 
weight and the pressure of the gas (Knight 1960). The typical excitation and ionization potential 
of some common gas molecules are listed in Table 2.2. It is worth noting that the electrolytic 
plasma in this study is mostly composed from water vapor and hydrogen. Table 2.2 suggests that 
the H2O vapor has lower ionization potential and comparable excitation potential, comparing to 
H2. Thus, the charged species dissociated from H2O would be a significant composition in the 
plasma generated in EPP. The discharge period sometime is so short that arc discharges are 
ambiguously regarded as glow discharge. Thus, in some literatures the term glow discharge is 
sometimes used in the meaning of arc discharge (Hickling and Ingram 1964), (Sengupta 1981). 
Table 2.2: The ionization potential some gases  (Braithwaite 2000) 
Gas species Excitation potential (eV) Ionization potential (eV) 
Ar 11.7 15.7 
H2 7.0 15.4 
N2 6.3 15.6 
H2O(vapor) 7.6 12.6 
2.2 Electrochemical Aspects and Detailed Historical Review of EPP 
 The electrolytic plasma was utilized and analyzed by Wehnelt (1899) in his Wehnelt 
current interrupter design. The optical emission results revealed surprising phenomena that the 
hydrogen content on working electrode is always prevail, even on anodic working electrode. 
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These results were confirmed by other researchers  (Hoho 1894), (Wehnelt 1899), (Azumi et al. 
1999).  This also indicates that the generation of radical species within surface gas layer is not 
only electrochemical but also from plasma chemistry path. The spectral analysis from these 
reports could also be used to calculate the activation temperature of the characteristic wave of H 
and O species, of 25-30eV, equivalent to 35,000K  (Guilpin and Carbaz-Oliver 1977). The 
major chemical effects of glow-discharge electrolysis are through the energy transfer via charged 
particles, which are excited through the gas phase near electrode. 
 Kramer and Meloche (1934) studied the generation of oxides and metal salt in gaseous 
glow discharge condition was studied at low pressure (4 mm) and small gap (>32mm). Brewer 
(1937) reported the chemical reaction, oxidation and reduction, in glow discharge for low 
pressure and high voltage region. Sengupta and Singh (1994) discussed the excessive chemical at 
electrodes in electrolytic plasma condition than in the normal Faraday electrochemical range. 
Many short communications from Russian authors has covered the topics of the oxidation and 
reduction reactions and the abnormal reaction products due to electron emission during gas 
discharges  (Polyakov, Badalyan, and Bakhturova 2003), (Kutepov et al. 2003), (Polyakov, 
Badalyan, and Bakhturova 2007), (Polyakov, Badalyan, and Bakhturova 2008), (Polyakov, 
Badalyan, and Bakhturova 2009). Snizhko et al (2004) characterized the electrochemical process 
of electrolytic plasma in alkaline solution on aluminum anode. A detailed review on the streamer 
theory in the electrical breakdown in liquids is summarized in Kolb’s work (Kolb et al. 2008). 
The major aspects in this review include electrolyte quality (purity of solution, dissolved gas in 
solution, solution pressure, and electrical conductivity) and electrode materials. Their experiment 
results shows, at high pressure regime, the increase of breakdown voltage is not significant, 
although the theory suggests that the free mean path is reduced and consequently the possibility 
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for individual electron to gain kinetic energy reduces. The discharge voltage depends not only on 
the electrical conductivity and the geometric factors but also on the chemical nature of the 
electrolyte. The chemical nature would determine the transition of initial glow discharge to the 
vigorous oscillation discharge, where the significant current oscillation sets in (Khlyustova et al. 
2009). Maksimov has done a series of study on the electrochemical aspects of cathodic EPP 
(Maksimov, Naumova, and Khlyustova 2008), (Maksimov and Khlyustova 2009), (Maksimov 
and Khlyustova 2009). They reported that EPP would have impact on the structural 
characteristics of the electrolyte. The morphology of the condensate of solution after EPP has 
altered from its initial shape. The electric field strength in cathodic plasma region was estimated 
to be in the order of 10
4
V/cm under atmospheric pressure. Some recent reviews from Schaper’s 
groups have provided good insights of electrolytic plasma physics. Images of plasma initiation, 
discharge propagation through the electrode surface and simulations were described in details  
(Graham and Stalder 2011), (Schaper, Graham, and Stalder 2011), (Schaper, Stalder, and 
Graham 2011). 
2.3 Major Applications of EPP and its Recent Developments 
 Since EPP is reported to have promising potential for coatings application on metal 
surfaces, more studies were performed on different metal surfaces from last decade. Aluminum  
(Voevodin et al. 1996), (Nie et al. 2000),  (Parfenov, Yerokhin, and Matthews 2007), magnesium 
(Yerokhin et al. 2004), (Blawert et al. 2005), titanium and iron alloys (Meletis et al. 2002),  
(Gupta et al. 2005), (Aliofkhazraei et al. 2007), (Aliev, Sabour, and Taher 2008), (Rudnev et al. 
2010), (Karpushenkov et al. 2010) were coated with EPP. Ceramic coatings on titanium alloys 
with micro plasma were studied for medical applications (Beck, Lange, and Neumann 2008). 
The overall effect is mainly improved in wearing and corrosion properties. In 1997, a US patent 
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was filed for surface coating application with micro-arc discharge (Steblianko and Riabkov 
1997).  EPP has also been used as a novel method for surface nitridation and carburization. 
Yerokhin’s group did extensive studies on nitro-carburization on various steels (Nie et al. 2001), 
(Yerokhin et al. 2001). Feasibility of different combination of coating materials and substrates 
were reported. Aliev, Sabour, and Shahrabi (2008) showed that although in general, with a 
nobler coating element layer, the corrosion resistance would be enhanced. The substrate 
properties, especially microstructure, would directly affect the localized corrosion. Adverse 
effect could occur for some cases. Coating with EPP systems are usually supplied by AC power, 
the coating frequency, duty cycle and electrolyte temperature could affect the coating roughness 
and structure and hence the corrosion performance  (Aliev and Sabour 2007), (Aliofkhazraei, 
Rouhaghdam, and Sabouri 2008), (Aliofkhazraei , Rouhaghdam, and Hassannejad 2009). The 
applied voltage in EPP could range from 100Volt up to 600Volt. In high voltage case, the 
coating atoms acquire high energy and diffuse through surface. Sometimes they could diffuse 
into crystalline structures. For example, carbides and nitrides of the substrate element were found 
in the coating layers. Also, the extreme local thermal conditions could result surface alloying 
(Bayati , Molaei, and Janghorban 2010). Surface oxidation by electrolytic plasma could be 
controlled for manufacturing of special metal-cored ceramic composite material (Dunleavy, 
Curran, and Clyne 2011). 
  In 2002, a Ukrainian group (Tyurin and Porgrebnjak 2002) reported a novel method to 
quench metal surface by EPP, using a regularly varying voltage application. The surface 
quenched depth is related to the voltage application and the duty time. In many application of 
metal electrode, electrochemically induced hydrogen could lead to the pre-mature failure, due to 
hydrogen embrittlement. The cathodic EPP is widely used for coating purpose and the gas film in 
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this case is composed of a significant portion of hydrogen from local hydrolysis. It was found 
that under the electrolytic plasma condition hydrogen content does not penetrate, which allows 
this method being applied on high strength steels, on which hydrogen embrittlement is very 
common (Cheng, Gupta, and Meletis 2010). 
 Nano rod or particles of TiO2 could be grown on Titanium surface and it could have the 
potential to surface as critical part for solar cell and photo-catalysis application (Paulmier, Bell, 
and Fredericks 2008). Nano-sized noble metal could be produced from the localized melting and 
solidification and the size of the resultant particles is dependent on material properties, power 
setting and time of EPP (Toriyabe et al. 2007), (Tokushige, Nichikiori, and Ito 2010).  
 With unique chemical yields, electrolytic plasma was used as a source of ozone 
production for water treatment. The OH, H2O2, O3 are highly reactive and hence they could 
remove many organic pollutant and also inorganic components (Malik et al. 2002), (Malik 2003), 
(Lee et al. 2003), (Becker 2010). Some report shows the potential medical application using the 
oxidative characteristics of electrolytic plasma (Sunka et al. 2004), (Dobrynin et al. 2009). 
2.4 Electrolytic Plasma Initiation Conditions 
 A general classification of electrolytic plasma based on the configurations is non-contact 
and contact discharge (Hickling and Ingram 1964), (Kayumov and Gaisin 2008). Figure 2.2 is 
the sketches interpolated from literatures. Kayumov and Gaisin (2008) tested more 
configurations and the breakdown condition of non-contact discharge. The shapes of resultant 
plasma are shown in Figure 1.1. The breakdown voltage (>1000V, 1 atm) of such configuration 
is much higher than the ones for contact discharges (>100V, 1 atm). Hence, contact discharge is 
a more versatile candidate in real application.  
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Figure 2.2: Schematics for Non-contact (left) and contact glow discharge (right) 
A critical characteristic of GDE is the condition of gap of gaseous layer between electrode 
and solvent. At initial stage of EPP, the gas film is likely containing most of the products from 
liquid-solid interfacial electrochemical reactions. Orlov and his colleagues  (Orlov, Yavtushenko, 
and Zhuravleva 2010), (Orlov, Yavtushenko, and Churilov 2010) presented a discharge initiation 
theory based on the hydrogen emission on cylindrical copper electrode surface. The contact 
angle measurement of active electrode indicates that high surface tension would yield smaller 
critical bubble size (60μm, at wetting angle=175o), at which hydrogen bubble liberates from 
surface.  Sengupta (1981) concluded that the location of glow-discharge electrolysis depends on 
the resistivity of the electrolyte in the vicinity of electrode. The condition of contact glow-
discharge electrolysis is vaporization, in another word, the discharge and plasma has to happen in 
gaseous phase. Thus, the location of discharge (either on anode or cathode) depends on how 
easier vaporization and onset of hydrodynamic instabilities  (Sengupta 1981), (Sengupta and 
Singh 1991). Analytic approaches on the bubble formation and dynamics of bubble evolving 
electrode were presented by a few authors (Vogt 1984), (El-Haddad and Wuthrich 2010). 
Gabrielli et al addressed the instability of bubble evolution with a spectral analysis on current 
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density (Gabrielli et al. 1989). Yerokhin et al (2004) reported the spatial distribution and 
discharge plasma size of anodic EPP on aluminum alloy for oxide coating application. There are 
arguments on the critical conditions of plasma initiation, i.e. whether the gas film formation is 
dependent on local vaporization or electrochemical yields. In general, the sources of gas phase 
near electrode are electrochemical reactions and boiling of electrolyte. Also, the gas yield from 
discharge electrolysis exceeds the normal Faraday’s prediction of electrolysis, due to the 
energetic electron bombardment on the gas film/electrolyte interface. Extra O2 and OH radicals 
are produced (Sengupta, Singh, and Srivastava 1998). It is assumed that in early stage gas yield 
from electrochemical reaction is the predominant source of gas. With increase of current and 
surficial evaporation of electrolyte, the free sites of electrochemical reaction suppresses, so the 
gas content yield from electrochemical reaction tends to a stable maximum limit. Eventually, 
solution vapor become the major content of the gas film due to significant joule heating on 
electrode. In the following sections, gas yield from both mechanisms are reviewed.  
2.4.1 The electrochemical cell  
 The understanding of electrolysis in EPP starts from the basic electrochemical 
components in EPP. The basic cell of EPP is composed of two electrodes, electrolyte bath and an 
external power source. In case of no external power, a short circuit of two electrodes and 
electrolyte bath (Figure 2.3 (left)), in general, yield a current flow due to the nature of 
dissimilarity in electrochemical potential of the electrodes.  
Such spontaneous current is accompanied with oxidation and reduction reaction at contact 
surfaces between electrodes and electrolyte. The reactions indicates the non-equilibrium state of 
the cell and the work involved in these reactions could be considered as the free energy change 
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(∆G) as the system is trying to approach equilibrium. It is also being artificially defined as the 
total chemical potential of each reactant.  A series of equations ((2.8) to (2.10)) are listed to show 
the composition of the Gibbs free energy (without electrode contact potentials). 
 
Figure 2.3: Electrochemical cell: short circuit (left); with external power source (right) 
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(2.10) 
Where, ε is electromotive force which drive the motion of charged particles. μo is standard 
chemical potential, taken at a standard conditions (temperature, pressure). ai is activity of species 
i. n is the number of electrons involved in reactions. F is Faraday’s constant (=9.6485e5 
[Col/mol]). R is universal gas constant. zi is the stoichiometric coefficients in reaction equations. 
εo is standard electromotive force, while the constants are absorbed. After these derivations, 
Nernst equation is arrived (Equation (2.10)).  
As the electrodes inserted in the electrolyte, the ion/electron distribution near electrode is 
completely different from the situation in bulk liquid phase. A double layered ion formation near 
the electrodes alters the local electric field and induces an extra potential barrier for ion transport 
due to Columbic forces. So the overall electrochemical potential of species i is in Equation (2.11). 
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The quantity, φ, represents the potential difference between electrode and electrolyte at one 
chemical status of the species i.  
  
    
              (2.11) 
  Considering a half cell, the metallic component (M) of one of the electrode has at least 
two chemical statuses, i.e. M
0
 and M
z+
. M
0
 or M is the original atom in solid metal and M
z+
 is the 
metallic ion at the electrode/electrolyte interface. The local equilibrium of the half-cell 
requires   
       
      . So this condition together with the definition in Equation (2.11) 
gives the difference in atomic and ionic potentials, which is the potential difference between 
electrode and electrolyte on the contact and it is also call Galvani potential. This relationship 
could be compared with the general oxidation/reduction (Ox/Red) reaction of species M and M
z+
 
and more generalized expression, Equation (2.13). If the first term in (2.12) is written into ∆φ0 
for standard chemical potentials. Then a different form of Nernst Equation can be expressed for 
Ox/Red reactions on one electrode, Equation (2.14). 
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(2.14) 
 For a complete cell, the total electrode potential differences are composed of two groups 
of reactions, as shown in Figure 2.3 (left) and Equation (2.15) & (2.16). On A side, the ionic 
product is reductant and on B side the ionic product is oxidant. With current pass through the 
electrodes, the half-cell Galvani potential is denoted as φ0. So the cell potential at open circuit 
condition is shown in Equation (2.17). When the circuit is closed like in Figure 2.3 (left), the U0 
is merging towards zero, which indicates a new equilibrium. If the external power source is 
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connected (Figure 2.3 (right)), the complete cell potential can be described by the combination of 
the half-cell potential at two electrodes, solution resistance times current and also an over 
potential (η) summation term, which represents the difference between the φ0 (at zero current 
condition) and φ for real electrode potential under power supply for each electrode. An overall 
manifest of voltage distribution in the initial electrochemical cell is included in Figure 2.4. These 
concepts will be used in the corrosion study in the later chapters as well. 
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Figure 2.4: Potential distribution across electrochemical cell as current flows through 
2.4.2 Gas formation through electrochemical reactions 
 In the initial stage of EPP or at very low current, the temperature of the electrode is not 
high enough to evaporate the surrounding electrolyte and the electrolyte remains as liquid. The 
only gas evolving mechanism is electrochemical reactions. The gas evolution from an electrode 
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follows Faraday’s law in electrochemistry. Equation (2.19) is a general relationship between gas 
generation rate (dm/dt) and local current (I).  
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Where, m is the mass of atoms involved in each reaction or mass of gas generated at 
electrode. Q is total charge involved in reaction. I is the current passing through active surface. 
Mmol is molar mass of the gas. z is the number of charge involved in  the reduction/oxidation 
reaction. ρ is density of gas. 
In case of cathodic hydrolysis, hydrogen is generated as external power is applied. 
Microscopic sized hydrogen is generated and dissolved in electrolyte, Equation (2.20). The 
dissolved H2 will coalesce to form macroscopic bubble as the local electrolyte become saturated 
Equation (2.21). The nucleation of bubble usually initiated at local defects, for instance, local 
concaved regions. 
           (2.20) 
                         (2.21) 
 As the bubbles being generated, the volumetric density of bubble near electrode region 
increases and leads to mechanical contact of bubbles. It was observed that once small bubbles 
meet, they coalesce into larger ones until a specific size is reached (~5μm in diameter), with 
which the bubble depart from the surface. Vogt (1984), (1989), (1997), (2011) has a series of 
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extended studies on the evolution of gas bubbles on electrode. The bubble formation requires 
certain free sites, which are usually local defects, for instance, a micro-sized notch. The local 
buoyancy force (Fb) is always smaller than capillary force (Fc). The bubble stays adhered on 
surface until a force balance limit is reached. Liger-Belair et al [ (2002)] provide a simplified 
theory, summarized in Equation (2.22). 
   
 
 
   
                
(2.22) 
Where, rb is bubble radius. γ is the surface tension of electrolyte.  R is the related to the 
local surface roughness.  θ is the contact angle.  
After the balance is reached, bubble start to depart from surface and thus, the liquid-solid 
contact forms again. The electrochemical reactions resume at the contact area. The departure 
radius is a critical parameter of plasma discharge, since it would essential becomes the effective 
thickness of the gas film as the bubbles coalesce. A simple empirical relation of departure radius 
(rdeparture) is given for low current density region (i<10kA/m
2
)  (Gabriell et al. 1989).  
             
    (2.23) 
Where Ce1 and Ce1 are empirical constants (Ce146, Ce20.2-0.3).  It was also found that for 
high current densities, rdepart turn to a maximum value, due to the thermodynamic nature.  
2.4.3 Joule heating and gas formation 
Another important mechanism of gas formation is via local vaporization, which supplied by 
the heat of joule heating. Many authors (Brewer 1937), (Kellogg 1950) (Hickling and Maxwell 
1955), (Heil et al. 2008), (Sengupta, Srivastava, and Singh 1997) has been arguing the dominant 
mechanism for the gas film formation. It was confirmed that localized evaporation is an 
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important mechanism at certain stage. To demonstrate the local joule heat effect, a simplified 
heat transfer model is given in the following equations (Wuthrich 2009).  
                  
                      
    (2.24) 
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Where, H is the heat transferred to the local electrolyte through joule heating. I is a local 
current I. m is mass of electrolyte which is heated by H within a time interval Δt.  Cp is heat 
capacity of the electrolyte. ΔT is the temperature difference between evaporation and initial 
room temperature. k is the local electrical conductivity. 
The electrical resistance is dependent on the geometry of the active electrode. For a 
cylindrical electrode (Figure 2.5) with radius b, contact depth of h and a gas shell of a, the 
resistance is given in Equation (2.25). 
 
Figure 2.5: Joule heating mechanism for gas film (half-cell) 
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The expressions in Equation (2.24) can be equated and combined with the definition of 
resistance in (2.25). The time of gas formation as the film thickness, a, approaching the radius r 
(a→r) can be derived (2.26). It suggests that the time for initiation of surface evaporation reduces 
at a hyperbolic rate with increase of current/ current density. This simplified expression has 
reasonable match with experiments, but this model has omitted other heat transfer path, for 
example the heat dissipation through electrolyte and the anode itself. A more detailed heat 
transfer model was later suggested by the author (Wuthrich 2009), as shown in Equation (2.27). 
The second term represents the heating source from current, where i is the local current density, 
and c is thermal conductivity of the electrolyte. In this equation, the r becomes a variable, since 
the 1-D domain of this heat transfer function covers the entire heating zone extending outwards 
from the electrode. Hence, the boundary and initial conditions could also be defined (2.28). The 
isothermal at electrode/electrolyte boundary is assumed and a thermal boundary thickness Rtb, 
where no significant heating is present. Entire system is at ambient temperature equals to 
electrolyte temperature at initial state. A steady state solution was found for this function, (2.29). 
The numerical results indicates the temperature increase due to joule heating solely is almost 
constant with various selection of (Rtb/b) value in initial stage, but it could be sensitive to the 
boundary conditions after 30 seconds (t/τ ≈15). The surficial temperature is very sensitive to the 
current passing through the surface. 
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Figure 2.6: Plots of numerical results for surficial temperature variation with time from 
Equation (2.27) (a) K=23 (i=1 A/mm
2
); (b) Rtb/b=10. (Wuthrich 2009) 
 Sengupta et al (1997) studied the temperature and surface tension aspects in the contact 
glow discharge electrolysis process. They postulated a critical rate of solvent vaporization Rc and 
the critical electrolytic current density. Joule heat and the onset of hydrodynamic instabilities in 
solvent vaporization at the electrode are the two prime factors for the transition of normal 
electrolysis to contact glow discharge electrolysis. The conditions of higher electrolyte 
temperature, lower electrolyte surface tension and thinner electrode favor the breakdown of 
normal electrolysis.  
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(2.30) 
Where, γ is the surface tension.  r is the wire electrodes of radius. ρ is the density. L 
(subscript) denotes liquid, G (subscript) denotes gas. g is the acceleration due to gravity. Δr is the 
thickness of the vapor layer.  
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Figure 2.7: Effect of surface tension on bubble coalesce (a, b) high surface tension; (c, d) 
low surface tension 
 It is suggested lowing the surface tension of electrolyte near surface would favor the 
formation of gas film and lower the breakdown voltage (Gupta et al. 2007). A schematic 
interpretation of this idea is shown in Figure 2.7. With high surface tension (a, b), the gas film 
would form with larger overall thickness, while in the low surface energy case (c, d), the 
probability to form continuous film (bubble coalesce) is higher and the overall gas film thickness 
is lower. And hence, the requirement of discharge voltage is lower. 
As a summary of this chapter, the basic theory of plasma discharge physics was listed. A 
list of literature on the topics of the major development of this phenomenon in the last two 
decades was included in this chapter, although many studies are not directly related to 
electrolytic plasma. The main stream research of plasma during the last century was low pressure 
discharge phenomena. Due to the fact that the plasma discharge occurs in the middle of aqueous 
media, the major aspects of the formation mechanisms of plasma in electrolyte were briefly 
covered.   
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CHAPTER 3. EPP TREATED SURFACES 
3.1 Experimental Setup and Operating Parameters of EPP 
3.1.1 EPP configurations  
There are many types of configuration for EPP as suggested in chapter 1. The 
configurations used in this study were selected to fit the requirement of the relevant application 
and accuracy in controlling the process. The first type of setup is shown in Figure 3.1. This EPP 
cell is a basic dipping type of setup. It has the configuration of a normal electrochemical cell; the 
working piece is clamped onto a positioning mechanism (electric motor). Water is supplied with 
a refilling device at a rate of 15 mL/min in order to compensate the vaporization loss of water 
and hence the electrolyte concentration is maintained. This configuration allows continuous 
plasma on surface and hence suitable for coating. As the schematic diagram suggest, the working 
piece (cathode) is always smaller than the counter electrode (anode). In practice, the effective 
area ratio between anode and cathode is usually designed to be greater than 10. Thus, plasma is 
always set on the working piece. Most of the small samples were produced with this device.  
A second type of configuration is shown Figure 3.2. The schematic diagram shows that the 
top chamber (made from acrylic material) is an electrolyte reservoir. Electrolyte is continuously 
fed through the top inlet (shown in photo) by a pump. Electrolyte flows down through a 
perforated anode, which is connected with the external power supply (shown on the top cable in 
the photo). A fine mesh is embedded in the hose inlet in order to diffuse and homogenize the 
flow of electrolyte before it leaves the chamber. The bottom part is a sample holder, where the 
work piece is fixed and connected with power supply. A gap (4 to 6mm) between these two 
components was designed to allow a ‘capillary connection’. A liquid connection is formed 
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(Figure 3.2), when the power is on, bubbles form in the liquid phase and consequently discharges 
are introduced onto the working piece. This configuration produces more intense (brighter) 
discharge, depending on the size of working piece. The coverage of electrolytic plasma is not 
necessarily uniform over the entire surface. But such problem is not significant with long 
processing time (more than 2 minutes). It is suitable for surface cleaning and modification. The 
sample size of this configuration is limited and less control of the coverage of plasma is the 
major concern, when larger and irregular-shaped samples are treated. 
  
Figure 3.1: EPP configuration 1 and photos of EPP experiment 
 
Figure 3.2: EPP configuration 2 and photos of EPP experiment 
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The other configuration used in this study could be the mutations of these two basic ones.  
Figure 3.3 is a detailed assembly of the sample feeding system. A linear positioning actuator is 
vertically installed. The system is manually controlled with a remote panel. The sample fixing 
mechanism could also be replaced with a solution-dropping head (Figure 3.3 (right)), which 
allows the control of anode-cathode gap distance and also the larger samples could be 
continuously fed with a horizontal motion control. 
  
Figure 3.3: Sample feeding system (left); re-assembled with a dropping head configuration 
(right) 
3.1.2 Electrolyte  
The selection criteria of electrolyte solvent include the solubility, electrode conductivity, 
chemical stability and also economic issues, since the purpose of this study is to explore an 
affordable new surface treatment method. Under these requirements, a widely available 
carbonate salt of sodium (Na2CO3, sodium bicarbonate) is selected. It provides comparable 
solubility and conductivity as NaCl, while the chloride ion has to be avoided for the prevention 
of Cl
-
 involved corrosion problems. As shown in equations (3.1) to (3.4), the solvent undergoes 
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series dissociation in water and forms a weak electrolyte, (HCO3)
-
, thus the hydro carbonate is 
very low in percentage. But at raised temperature of the electrolyte, carbon dioxide will liberate 
due to its low solubility at high temperature. Hence, the electrode surface gas film could consist 
of a certain amount of CO2, with longer treatment time, the CO2 level is expected to be 
negligible. 
          
     
   (3.1) 
      
         
  (3.2) 
         
        (3.3) 
               (3.4) 
The electrode conductivity is dependent on solution concentration and temperature and 
hence determines the initiation voltage required for the onset of plasma.  A set of initial tests 
under atmospheric pressure are presented in the following paragraphs to show the impact of 
temperature and electrolyte concentration on the discharge voltage and current. The electrical 
conductivity is clearly proportional to the concentration of solution in the case of Na2CO3 (Figure 
3.4). In these initial tests, temperatures are taken before the test. So, all the temperatures refer to 
the initial conditions of the electrolytes. The threshold voltage decreased almost linearly with 
increase of temperature (Figure 3.5), which is mainly due to the increase of the initial thermal 
energy level in solution and insists the nucleation of bubble. Also, higher temperature reduces 
the required energy level of ionization in the gas film. Threshold voltages also decrease as 
conductivity of electrolyte increase. More free charged particles are available in higher 
conductivity solution, and hence more charges are carried towards the electrodes. This implies 
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that the electric field across the bubble layer increases faster with the same voltage supply across 
electrolyte and plasma discharge channel forms earlier. 
 
Figure 3.4: Electrical conductivity is proportional to the concentration, at 1 atm and room 
temperature 
 
Figure 3.5: Threshold voltages of plasma vs. temperature 
For diluted Na2CO3 solution, it is found that the gas yield is more significant than the one 
for higher concentration, which makes it difficult to identify the plasma discharge at low 
concentration. And the required discharge voltage is beyond the device limit. The current density 
at initiation of plasma discharge decreases almost with temperature, in general. In the high 
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concentration regions, such decrease takes a linear relation. This confirms that the increase of 
initial thermal energy assists the formation plasma and less energy is required to exciting the 
electrons. Current density also tends to increase with conductivity. Power density shows the 
same trend of decrease with temperature, but at higher temperature (almost boiling point) region, 
the conductivity does not induce large deviation. It is important to point out that the conductivity 
of solution varies with temperature as well. The listed values are measured at room temperature. 
Thus, the results indicate that the conductivity near the electrode could have a certain gradient 
under strong electric field and approaches a limit towards the active electrode.  
 
Figure 3.6: Current density and power density at plasma initiation vs. temperature 
Hence, a high concentration electrolyte is selected for most of the tests. The Na2CO3 
solution concentration is 75g in each 1L of water. It is equivalent to an electrical conductivity of 
43.1 ± 0.5 mS/cm. In the later study, different electrolyte will be used for other coating and 
modification purpose. Otherwise, all the electrolyte solutions are referring to this concentration. 
All the discussions focus on cathodic electrolytic plasma process, i.e. all the active surfaces are 
negatively polarized. 
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3.1.3 Major Equipment 
The most important device of this study is the power supply. A Magna-Power PQA 
(250V26A) DC power source is used for all the EPP treatment (Figure 3.7).  The voltage and 
current signals are collected and recalibrated with a data acquisition unit (InstruNet 100). Data 
acquisition unit is connected with a laptop computer with a PCI card. Real time signal data from 
the power supply are collected at a rate of 25 Hz. Also, the electrical conductivity is measured 
with an Omega PocketPal conductivity/PH meter. 
 
Figure 3.7: Photo images of power supply, data acquisition unit and portable electrical 
conductivity meter 
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3.2 Plasma Discharge Details and Characteristic Curves (Power curve) 
The characteristic voltage and current behavior is shown in Figure 3.8, which is collected 
in an initial test on stainless steel 304 surface. From the observation of the tests and literatures, 
the plasma discharge near the metal surface could be roughly divided into four stages. The 
typical voltage-current behaviors are marked correspondingly in Figure 3.8. The four stages 
could be summarized as following: 
1) Initial reduction reaction on target metal (cathode) leads to significant bubbling (H2), 
which is proportional to the current. At this stage electrochemical reactions are the major source 
of gas on metal surface. The overall voltage-current behavior follows an Ohmic relation;  
2) With the increase of electric current, the near surface electrolyte would experience phase 
transition and boiling initiates due to the intense joule-heating. Together with electrochemical 
yields, nuclear boiling brings significant agitation/instability. Such instability is widely 
discussing in the field of boiling study. In this case, electrochemical yield should be included as 
another gas source.  
3) Quasi-stable film forms near the electrode surface and apparent current drops due to low 
electrical conductivity of the gas film. Plasma starts to initiate at some spots. 
4) Over longer time, a stable and luminous plasma discharge on the metal surface. The 
current has a further drop. It is because plasma is good electrical conductor. The conductivity of 
plasma is much higher than a stable gas. 
Initial currents could be very unstable due to the strong agitation of gas bubbles from the 
nuclear boiling process on the electrode surface. It was found that pre-heating of electrolyte 
would favor the boiling process and stabilize the current performance in the initial stage. The 
nuclear boiling process is swiftly transferred into a more stable film boiling status and the 
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electrical current is suppressed with the increase of surface electrical resistance.  Depending on 
the operational parameters, the current density could reach up to 10 A/cm
2
. 
 
Figure 3.8: Characteristic voltage current curve 
In the EPP process the induced surface plasma has a high temperature (>2000
o
C). For each 
plasma spark the life span is very short (micro-seconds) and the affected area is small (nm to μm 
in radius)  (Klapkiv, Nykyforchyn, and Posuvailo 1994), (Gupta et al. 2007). During EPP the 
surface metal is partially melted by the intense heat of the plasma sparks. The surrounding 
electrolyte liquid immediately reaches the molten metal as the plasma sparks locally collapse 
after each discharge and quenches the metal. Such repetitive rapid heating and quenching 
impingement generates a refined microstructure on target metal surface (Meletis et al. 2002), 
(Liang et al. 2011). 
3.3 Typical Surface Morphology and Background of Shape Formation 
The special surface morphology has been mentioned by many authors in literature 
(Yerokhin et al. 1999),  (Gupta et al. 2007), (Liang et al. 2011). A macroscopic image (Figure 
3.9) shows that with EPP treatment surface micro morphology is changed and the reflectivity 
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becomes very poor due to the increase of surface roughness. The roughness is the result of 
micro-features after discharge impingement on surface. The following micrographs (Figure 3.10, 
Figure 3.11Figure 3.12) are scanning electron microscopy images for low carbon steel, stainless 
steel and aluminum alloys, respectively. The extruded features are similar for steel surfaces, but 
different in size with the same treatment parameters, while aluminum alloy has different surface 
features after EPP. The comparison is not completely fair, since the parameters have to be 
adjusted for different materials. For all steel samples, surfaces are subject to 1 minute of 100 
Volt (negatively polarized) load for preheating and ramp to 150 Volt (at about 50 Volt/second). 
Then steel samples were kept at 150 Volt for 15minutes. The surface features develop with time 
and gradually evolve into patterned features (shape, sizes, and spacing). 15 minutes are observed 
to be long enough for steel samples to achieve such pattern. So the ‘steady-state’ features are 
compared with this treatment time for steels. Similar procedure is used for aluminum alloy, but 
the working voltage is 120 Volt and time is 1 minute, which tends to produce the ‘steady-state’ 
surface. 
 
Figure 3.9: Photo image of EPP treated samples 
Surface features were observed to evolve with time. The major reason of morphological 
change is the rapid melting and quenching (or freezing), such phenomena are largely dependent 
on the location of plasma (hot spot), which is further associated with the surface charge 
distribution and discharge mechanisms. These surface patterns indicate a rather random 
distribution of ‘finger-like extrusions’ and ‘craters’. But in a long term, visual inspection of SEM 
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images implies a statistically ‘steady’ or uniform pattern could be achieved and such pattern 
could be considered as a signature pattern with the given material properties and operational 
parameters.  
 
Figure 3.10: EPP treated 1018 low carbon steel, at 150V for 15 minutes 
 
Figure 3.11: EPP treated stainless steel 304 samples, at 150V for 15minutes 
 
Figure 3.12: EPP treated aluminum alloy sample, at 120V for 1 minute 
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Figure 3.13: AFM surface profile for EPP treated 1018 (a) as polished; (b) EPP150v 2min; 
(c) EPP 150v 15min 
A set of Atomic-Force-Microscopy (AFM) images were taken on EPP treated 1018 low 
carbon steel surface (Figure 3.13). The device used in this test is a Hysitron TI900. Local 3D 
images indicate the evolution of extruded features. It is noted that the concaved region at the root 
of each protruded feature could not be revealed by AFM, since the spheroidal shaped top blocks 
the vision of the optical cantilever in the device. But the statistical roughness results from AFM 
analysis could still demonstrate the change and characteristics of the roughness. The micro 
roughness is plotted in Figure 3.14. For comparison, all samples were carefully polished with 
4000 grade grinding paper, and then EPP treatment was applied for different time. In these plots, 
four roughness indices are used to describe the morphological features. Ra is the average 
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roughness over the 10 μm x10μm area. Rq is the geometric average roughness. Both of them 
indicate the increase of roughness with time on1018 steel.  
 
Figure 3.14: Roughness plots for1018 steel sample under different treatment (a) Ra and Rq; 
(b)Rsk and Rkr  
Rsk is the skewness of the surface features, negative value indicate the predominant feature 
are ‘valleys’ (or craters), which is measured by comparing the distribution of absolute height 
from top view direction. Figure 3.14 implies that the overall roughness increases with overall 
growth in height of the finger-like feature. Rkr is the kurtosis of the surface. It represents the 
density function the roughness. This index describes the type of statistic distribution. For 
example, as Rkr approaches to zero, the roughness follows a Gaussian (normal) distribution. In 
this case, the plot can interpreted as that the roughness distribution experience a fundamental 
change from Rkr= -2 to a positive value, as EPP sets up. With a certain time of EPP treatment, 
such roughness characters convert to a different pattern (Rkr = -1.2), since it is clearly that the 
majority of the area grows up, indicated by Rsk. 
The formation of these features was explained as the result of shock wave impingement on 
the molten metal (Gupta et al. 2007). With onset of ionization through the bubble, the 
accumulated charges across the bubble are suddenly neutralized due to the increase of electrical 
conductivity of plasma. Significant heat is induced and the gas bubble has a very rapid (sonic) 
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expansion, shock waves are produced at the liquid/gas and molten metal/gas boundaries. Certain 
shock waves are reflected back from top liquid surface. Together with the initial wave directly 
applied on the molten layer, these shock waves form the first impingement and create the initial 
shape of a ‘crater’. At the end of a single plasma discharge, when the electric field cannot sustain 
the ionization potential due to the loss of charge towards the electrode, the plasma collapse very 
rapidly. A second shockwave is produced, referred as ‘implosion’. This wave further digging the 
‘crater’ and more molten material is ‘flicked’ up to the surface.  
 
Figure 3.15: SEM image of low carbon steel under 150V for 20 seconds. A ‘crater’ 
surrounded by the ‘flicked’ material due to ‘implosion’ 
Figure 3.15 shows the material shifted around a crater. It was taken on a sample with only 
20 seconds of EPP at 150 Volt. It is the typical morphology of an individual discharge event. 
Rapid solidification freezes the shape of molten metal. It is also showing the spheroidal shape of 
material appears on the rim the crater. Recently, Cionea (2010) provided a thermodynamic 
reasoning on the shape of the EPP resultant feature. Formation of such features is associated with 
the substrate material properties (melting temperature, liquid metal surface energy) and operation 
parameters. In the report, the contact angle of a molten droplet is suggested to have an important 
impact on the final shape as the molten droplet solidifies. Although this approach is not very 
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accurate, since the time scale for melting and solidification is much small compare to a steady 
state assumption, the concept certainly provide a clue of the morphology formation on the rims 
of ‘craters’. The Figure 3.16 shows the interpreted procedure of such formation. A very thin 
surface layer will be melt due to excessive heat of plasma. Local heat transfer would determine 
the molten volume of surface material. Latent heat (or heat of fusion), undercooling (solid 
substrate as a heat sink for that time scale) and other material properties are the major 
components of melting. As the surface layer turns into a liquid form, the structures of atomic 
spacing are totally changed from solid phase. Hence at this stage, the surface excess free energy 
(surface energy) would determine the shape of the molten droplet, as far as the liquid/solid 
boundary retains.  
 
Figure 3.16: Conceptual sketch of melting and solidification with impact of different 
surface energy. (top right) high surface energy leads to non-wetting; (bottom right) low surface 
energy leads to wetting condition. 
Figure 3.16 proposes the shape formation process of the ‘flicked’ molten material. It 
suggests that two types of wetting conditions would eventually lead to different final shapes. 
With a high surface energy (top case), non-wetting condition dominates. If the droplet 
experience rapid solidification, its shape would be maintained and its exhibits a larger spheroidal 
top and a necking which connects with the substrate. Such final shape is observed on steel 
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surface. On the other hand, a spiky peak and flattened bottom forms with low surface energy 
case. Similar morphology could be observed on aluminum surface. The surface energy levels  
(Mei and Lu 2007) of these two metals confirms with this reasoning. 
3.4 Wettability of EPP treated surfaces 
The unique surface morphology and its pattern formation after EPP are somewhat similar 
to the ones in forming high degree of hydrophobicity (Bormashenko et al. 2006), (Ma and Hill 
2006), (Wu et al. 2007), (Park et al. 2009). The wettability is essentially associated with material 
property (surface free energy of bulk material) and the morphology (or roughness, generally used 
term to include all shape and pattern characteristics). The super-hydrophobic surfaces usually 
acquire micro or nano sized hierarchical patterns. In another word, larger features are consisted 
with smaller and repetitive features. Also, low surface energy material are preferable to form 
hydrophobic surface, for example waxed surface and Teflon. It is worth noting that the 
hydrophobicity could improve corrosion resistance by effectively reducing the contact area 
between surface metal and corrosive medium (Liu et al. 2007). Different methods were used to 
form such patterned surfaces on polymer, metal and even oxides, including electro-deposition, 
UV lithography, laser texturing, etc  (Guo, Liu, and Su 2011), (Yan, Gao, and Barthlott 2011).  
In this section, the wettability of EPP treated surface was examined with a First Ten 
Ångstroms (FTA100) contact angle measurement device. The 1018 low carbon steel and 6061 
aluminum alloy were used for this investigation, since they represent two typical materials with 
high and low melting temperature. All surfaces were pre-polished to 800 grade. Then EPP (at 
150Volt and 180Volt) was applied on steel surfaces with different time periods (0.5 minute to 15 
minute). This is to test the impact of different energy input on the surface features. For aluminum 
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alloy, the preset voltage is selected as 120Volt. Aluminum alloy has lower melting temperature, 
also significant exothermal oxidation reactions and heat releasing between aluminum and air was 
observed at higher input power from initial experiments. These issues lead to a very unstable 
heating condition on aluminum alloy, which would melt the entire sample. Thus, a lower voltage 
(120V) is used on aluminum to ensure the constant results.  The treated surfaces were ultrasonic 
cleaned in distill water and ethanol alcohol consequently to remove salt residual and degrease the 
organic components. After, air dry, the samples were carefully transferred onto the measurement 
device. A drop of distilled water (with controlled volume of 1μL) was applied on each sample 
with an electronic pippetor (±0.1μL) and then the image of contact surfaces were taken and 
analyzed by the system and its attached software.  
 
 
Figure 3.17: Image taken from contact angle measurement of EPP (180V) treated 1018 
samples 
Figure 3.17 are the images of water droplet on the sample surfaces with different treatment. 
Phase boundaries are generated by image processing software. Contact angle values are shown 
on each image in degree and the contact angles are measured from liquid-solid boundary towards 
 43 
 
the tangent line of the curved liquid-air boundary, as indicated by the red corner in Figure 3.17b. 
This set of images implies that with EPP treatment, the general increase of contact angle is very 
clear. It was found that the input voltage does affect the resultant surface wetting behavior. The 
contact angles near edge, where plasma density is much higher, are very different from the ones 
in the center. So the contact angle in both center and edge regions are plotted against different 
treatment (Figure 3.18). 
 
Figure 3.18: Summary of contact angle measurement results for EPP treated 1018 steel at 
150V (left) and 180V (right) 
 
Figure 3.19: SEM image on edge of  EPP (150V 5min) treated 1018 surface 
In general, higher voltage input lead to intense shape reformation and hence higher contact 
angles. 0.5min and 1 min EPP treatment has little difference in wettibility results and the 
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difference between center and edge regions is small for short time treatments as well. But the 
increase in contact angles are obvious compare to the original surface.  With longer time of EPP, 
the edge effect start to emerge. Usually higher contact angles are observed on regions near edge 
of the surfaces (~50 to 100μm from phycial edge, Figure 3.19), where higher plasma density are 
apparently observed. With very long time (15min), the ‘steady state’ values for the center region 
in general are not very different from the results for 0.5min (5 to 10% increase), while the values 
in edge region shows significant divergence, but such divergence is suppressed with higher 
voltage.  
 
Figure 3.20: Results of contact angle measurement for EPP treated 6061 aluminum alloy at 
120V (left);  SEM image of EPP treated (120V 2 minutes) 6061 aluminum on edge 
In case of aluminum alloy, the change in contact angle on center region is not significant 
(±5%), compare to the original surface (Figure 3.20 (left)). The reasons of different response 
with EPP in contact angle or averaged surface free energy are related to the material properties 
and morphology. As suggested by Figure 3.10 and Figure 3.12, shape and size of the micro 
features are different. The crater size is much larger on aluminum alloy and the extruded portion 
is not clearly observed, compare to the ones on steel surfaces. Also, the difference is probably 
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caused by different power input. On the other hand, the same edge effect occurs on aluminum 
surfaces for longer treatment time as well, but the edge tends to be smoother with longer time of 
treatment (Figure 3.20 (right)). 
The physical model of the increase of contact angle on roughened surfaces could be 
explained by Wenzel’s model or Cassie-Baxter’s model (de Gennes, Brochard-Wyart, and Quere 
2003), (Bormashenko et al. 2006). These models were developed a few decades ago and are still 
of interest to different applications. When the Wenzel’s model is more applicable to the case of 
homogenous wetting (or the water fills the space between micro features), the Cassie-Baxter 
models is suitable for heterogeneous wetting (or the air is trapped in the concaved space). Figure 
3.21 is a schematic illustration of the Cassie-Baxter case. The details of the interface between a 
droplet and the rough surface (left) are magnified in the dashed box on the right.  Depending on 
the magnitude of surface tension and the geometry, the water portion could be lifted by the air 
pocket or penetrate into the concaved space. The proposed expression for air trapped case and 
the water penetration case are shown in Equation (3.8) and (3.6) (Bormashenko et al. 2006). The 
definition of Young angle is given in Equation (3.7). 
 
Figure 3.21: Sketched model of modified air pocket model, interpreted from Cassie-Baxter 
model 
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Where θCB is the apparent contact angle, according to Cassie-Baxter model. θY is the 
Young angle, which is evaluated according to the surface energy (tension) only. φ is the ratio of 
the real solid-liquid area over the total solid-liquid-air contact area. γ is the surface energy 
(tension, in unit of mN/m). S, L and A denote solid, liquid and air boundaries. 
For evaluation of the model and data, the Young angles are taken as the measured contact 
angle on polished surface. Since section 3.3 suggests that EPP treatment generally increases the 
roughness of polished surface, the polished surfaces are used as a reference ‘smooth’ surface. 
The calculation according to Equation (3.5) and (3.6) indicates that the water penetration model 
is not valid in this case, since the φ results does not have physical meaning (φ>1) from Equation 
(3.6).  
The results for air pocket model are shown in Figure 3.22 and Figure 3.23.  The average 
values from contact angle measurements are used for this calculation. On 1018 steel surfaces, the 
liquid metal contact fraction in the center regions are reduced by 5-10% (for 150V) and 25- 32% 
(for 180V), comparing to the original surface. Also, edge effect is inherently reflected with 
longer treatment time, except in the case of 180V15min group.  On aluminum alloy surfaces, 
some groups hit the up limit of φ value, which could be induced from measurement error and 
also the initial assumption of polished ‘smooth’ surface might not be valid, since the roughness 
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of aluminum surface prepared by 800 grades SiC grounding paper could be higher than the 
roughness on 1018 steel, due to the lower hardness value of aluminum. These experimental 
errors could lead to the unreasonable physical values. But it still provides the indication that EPP 
treatment does not have significant impact on the behavior of liquid metal contact on aluminum 
surfaces. 
 
Figure 3.22: Results of calculated liquid-metal fraction for different EPP treated 1018 steel 
surfaces  
 
Figure 3.23: Results of calculated liquid-metal fraction for EPP treated 6061 aluminum 
alloy surfaces 
3.5 Surface Micro Structural Modification 
Due to the rapid solidification, surface of the material after EPP would contains a layer of 
material, which is repetitively being melted and solidified at a very high frequency. This process 
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would insist the refinement of grain size (Greer 1991). Cionea (2010) reported that a few 
nanometers thick of nano-grained layers are observed on stainless steel surface treated by EPP 
for 30 seconds. Such structure is due to the rapid solidification on surface. Within 1 micrometer 
in depth, the grain size has a dramatic growth. In further depth, the grain size tends to merge with 
the bulk material size. In this study, longer time of EPP is applied. It could be observed (Figure 
3.24) that the similar gradient of grain distribution appears on the long time treated samples. But 
the affected depth is increased by roughly an order of magnitude. Such nano-crystallined 
material could have a profound impact on corrosion behavior. Details of corrosion behavior are 
presented in Chapter 4. 
 
Figure 3.24: SEM image of 1018 steel with EPP150V 2min, cross sectioned with focus ion 
beam 
Not only the surface material experiences the melting-solidification cycles, the substrate 
material is effectively heat treated as well. The heat treatment of metal generally occurs with a 
consequence of recovery (relief of residual stress), recrystallization (restore stable phase), grain 
growth. These aspects could be demonstrated with the examination of X-ray diffraction patterns 
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on resultant surfaces. In Cionea’s report (2010), small glancing angle detection method is used 
for very thin (within 100 nm) surface layer, their results implies the nano grain and compressive 
stress on EPP treat sample. In this study, since the affected surface layer is much thicker (for 
example, ~3μm, with EPP 150V, 2minutes), conventional XRD method is used.  
 
Figure 3.25: X-ray diffraction patterns for 1018 with different EPP treatment 
To investigate this issue, 1018 steel sample was selected, since the X-ray (Cukα) 
penetration depth is suitable for the thickness as shown in Figure 3.24. XRD study on aluminum 
alloy does not provide significant results, because the penetration depth for this type of X-ray on 
aluminum (~20μm) is too large for a thin solidification layer. The surficial microstructural 
variation could not be detected in the aluminum case; the results for aluminum samples are 
actually representing very large volumetric statistical information (Cullity and Stock 2001). 
Figure 3.25 is a detailed view of a peak of body-centered-cubic ferrite phase in 110 directions for 
1018 low carbon steel. It is clear that with increase of EPP time, the peak gradually broadened 
which is an indication of grain refinement. For a better comparison, the full width at half 
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maximum (FWHM) is commonly used to show the refinement of grain. It is worth noting that 
the depth of X-ray penetration on this surface is roughly 2μm (with Cu kα radiation). The grain 
refinement zone is deeper than 2μm, as in Figure 3.24. Thus, this information shows the 
refinement of grain by EPP. Also, in Figure 3.25, the peaks (marked by straight lines) tend to 
shift to the right (larger angle values). It is the evidence of compressive stress induced by the 
shock wave impingement of EPP. Thus, our results confirm that with longer EPP time, the 
surface grain refinement effect persists and the refinement zone extends with time. The 
compressive residual stress with EPP treatment is confirmed as well. It is important that in 
surface treatments compressive residual stress is artificially introduced, since the existence 
compressive stress would increase the resistance of crack initiation (Kang, Song, and Earmme 
1990), (Webster and Ezeilo 2001). In later Chapters, its impact and application will be addressed 
in details.  
3.6 Experiment and Models of Surface Heat Transfer and Electric Field in EPP 
The plasma discharge on the surface together with the boiling and electrochemical 
reactions produces very complicated conditions in terms of the temperature field; meanwhile 
heat dissipates through evaporation of electrolyte, joule heating of metal, optical emission and 
acoustic emission. It is very difficult to capture an individual discharge phenomena and its heat 
transfer process locally. In the following experiment, the heat transfer is estimated over a 
spherical metal (stainless steel) surface. It provides the general information of multiple 
impingements of electrolytic plasma (cathodic) and the heat dissipation through the electrolyte. 
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Figure 3.26: Sketch of experimental setup (left); detailed view of inserted thermal couple 
(right);  
photo of experiment, initial boiling (bottom) 
 The electrolytic plasma process was conducted in a system shown in Figure 3.26.  
Stainless steel 304 ball of 3/8 inch in diameter was used and it was negatively connected in an 
electrolytic cell. The steel was complete immersed in the solution during experiment. In order to 
take thermal measurement, A K type thermal couple (KMQSS-020U-6, Omega, with error 
±2.2°C) was used. The thermal couple has a stainless steel 304 cover. Also, the thermal couple 
was selected to be ungrounded in order to be insulated and avoid influence from the large voltage 
load through the steel ball. A SS304 tube (0.04 inch diameter) was inserted into the center of 
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steel ball and the thermal couple was delivered through the tube and contacted with the center of 
steel ball (Figure 3.26 (right)). The ball-tube sketch is not for scale. The real tube size is much 
smaller than ball diameter, in order to minimize the heat dissipation through the tube. The anode 
was a much larger stainless steel 304 plate. The electrolyte is NaHCO3, equivalent to an 
electrical conductivity of 43.1×10
-3
S/cm.  
As the experiment starts, the electrical potential ramps up to 160 Volt with a rate of 60 
volt/sec. The initial electrolyte temperature was selected (85 °C) assist fast formation of EPP and 
consequently the entire discharge process can be captured within short experiment period. Due to 
the temperature measurement range and sensitivity of the thermal couple, 20 seconds was set as 
operation time once the preset voltage was reached. The power output signals were recorded 
together with the temperatures via a data acquisition unit (InstruNet, Omega). Data was recorded 
at a sample rate of 25Hz for all groups.  
The characteristic voltage and current density curve could be obtained, and the 
corresponding center temperature was plotted in the same time scale. One typical set of results 
were shown in Figure 3.27.  A few characteristic stage of EPP could be captured. From voltage-
current curves, the initial voltage increase leads to the increase of current (4 to 5 sec). As current 
researches a maximum, a fast drop follows (5 to 6 sec). Then, a noisy but flat current density 
region (6-15 sec) occurs with voltage held steady at 160 Volt. A small ramping up in current is 
observed before the power was cut off (15-20 sec). On the same time scale, the center 
temperature Tcenter responds with some character stages as well. Initial increase in temperature is 
slow (with only 2.5°C/sec, 4 to 8 sec), after the drop in current sets in, where the vapor film 
forms, Tcenter increases at a much higher rate (with  70°C/sec almost linear, 8 to 18 sec).  Two 
major mechanisms attribute to this rise in temperature, superheating or boiling crisis and surface 
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discharge. The rate of increase reduces in a nonlinear form as the current ramp up (separated by 
red dashed lines). It implies the surface heat transfer is slightly enhanced with more intense 
plasma and the increase of surface temperature. A sudden rise of temperature at around 20 
second is very likely due to the error noise from the switch off operation of the power supply. In 
the following analysis, this time range is taken out of account.  
After this peak, the temperature start to drop at rate of 12.5°C/sec, such region is complete 
film boiling under sub-cooling (for 26 seconds). A clear Leidenfrost effect was observed, which 
describes that a gas film consistently blocking the solid from liquid (Biance, Clanet, and Quere 
2003). At 60 second, a critical temperature reaches, where the superheat of sample at this time is 
referred as minimum film boiling superheat. A sudden drop accompanied with aggressive 
agitation of vapor and the solid-liquid contact resumes. 
 
Figure 3.27: Voltage-current and Tcenter over time, Vmax=160Volt, Tinitial=85°C 
The transient center temperature (Tcenter) were recorded and used for film boiling 
measurement. Since the surface temperature could become very high (locally) as mentioned in 
previous study, it is not possible for direct measurement of surface temperature. Here, the Tcenter 
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is used as an estimation of bulk temperature of the steel ball, as a simplification assumption. 
During plasma stage, The Tcenter rises at very high rate and the small size of steel ball would 
reduce and limit the error of this assumption. Thus, in the following analysis, TcenterTbulkTsurface. 
This assumption will be checked again in the next paragraph together with the results. Notice 
that Tsurface is not equal to discharge temperature or melting temperature of metal, instead it 
describes the temperature due to the overall effect on surface, including all the heat and cooling 
phenomena stated before. With this lump mass assumption, the heat transfer coefficient (h) was 
calculated as in Equation (3.8) The transient boiling heat flux   ̇   is then calculated from the 
heat transfer coefficient and corresponding superheat (3.9). The results are plotted in Figure 3.28. 
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(3.8) 
 ̇       (3.9) 
Where, Ms is the mass of steel ball. Cp,s is the specific heat of steel. dT/dt is calculated 
from transient temperature data with a backward scheme. As is the effective surface area (Aball, 
surface), exact contact area is not possible to measure, since the solution level is not constant 
during experiment; ΔT is bulk superheat. ΔT=Tcenter –Tsaturation. Tsaturaion is the boiling temperature 
of the solution and assumed to be 373K. 
These values in Figure 3.28 are exclusively for the discharge region (first 20 seconds). The 
data in film boiling of the power off region was removed in this analysis, which might overlap 
the low surface heat region.  The first 100
o
 of superheat region on the surface heat flow q” is 
typical for a boiling transition process. Beyond that region, film boiling dominates, so the 
corresponding temperature rises very fast.  High instability of the gas film due to plasma 
 55 
 
discharge is responsible for the large shifts in high ΔT regions. Extreme values of heat transfer 
coefficient (h) appear at low superheat, where nuclear boiling dominates and apparent solid-
liquid contact exists. With increase of superheat, film boiling takes over. But at very high 
superheat, h value has a periodic rise and fall due to the plasma discharge. It implies that the 
mechanical impact of plasma discharge is not only responsible for the compressive residual 
stress but also enhances the heat transfer on the surface. This opens the feasibility of long term 
EPP treatment. Otherwise, the sample will completely burn very quickly due to ‘boiling crises. 
 
Figure 3.28: Surface heat flux and heat transfer coefficient during EPP, Vmax=160Volt, 
Tinitial=85°C 
The Biot number in Figure 3.28 is a dimensionless number used to verify the lumped mass 
assumption in this model. The lumped mass assumption (i.e. Tcenter≈ Tsurface) is usually valid for a 
Biot < 0.1. The definition of Biot number for sphere is given in Equation (3.10) 
     
       
  
 
(3.10) 
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Where, h is the heat transfer coefficient (W/K/m
2
). r is the radius of steel ball (0.0046 m). 
cS is the thermal conductivity of steel (20 W/m/K). 
The result for Biot number indicates that, the convection heat transfer is very likely 
underestimated for the region where superheat is less than 400
o
C.  The error for the heat transfer 
from surface towards the center location is greater than 5% in this case. But as for the  
ΔT>400oC region (the time region indicated by red dashed lines in Figure 3.27), the lumped 
mass approach provides a reasonable estimation, where stable plasma sets in and h is low.  
Total power input density and the surface heat flux were plotted in Figure 3.29. For 5 to 8 
seconds, only small fraction of the total energy via heat transfer (sub-cooling). Notice that larger 
error exists in this analysis for this region. It could be expected that electrochemical reactions 
consume the most of power supplied at this stage and large temperature gradient toward the 
center presents large transient heat in the mass of steel ball. From 8 to 13 second, the surface heat 
transfer follows a boiling behavior, as the overall temperature builds up (200 to 400
o
C), where 
the average total power remains at a roughly even level. Within these 5 seconds, film boiling 
establishes and plasma discharge initiates. From 13 to 15 seconds, total power has a slight drop 
due to film formation and suppression of electrical current. The surface heat transfer drops as 
well due to thickening of gas film, while the temperature rising rate is reduced (Figure 3.27). It is 
very likely that the local melting of surface material renders the fast rise of temperature. From 15 
to 19 second, as heat transfer continuously decrease with constant picking up after large agitation 
of film, the total power supply increases due to the enhanced electrical conductivity of stable 
plasma formation and partial restore of liquid/solid contact. At this stage, the high temperature of 
steel surface also contributes an important driving force of heat transfer. This divergence of heat 
transfer and total power rate could be used to identify the stable plasma stage. Notice the high 
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spike at 20 second is a strong signal noise due to the switch off operation of the power supply. It 
should not be considered as an increase of surface heat transfer.  
 
Figure 3.29: Transient total power input density and surface heat flux, Vmax=160Volt, 
Tinitial=85°C 
 
Figure 3.30: Temperature increase with different preset voltage, for 20 seconds operation 
with initial temperature of 85
o
C 
In a short summary on the heat transfer condition based on the previous experiment, the 
plasma discharge could assist the local heat transfer to a certain extent due to the mechanical 
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agitation, which is useful to avoid burning the sample. It could be seen that the surface heats up 
very quickly and in practice it could be difficult to control the sample temperature. But for 
voltage lower than 120 Volt, no significant heat impact is observed (no fast plasma onset) Figure 
3.30. In case of 150 Volt, sample reaches about 800
o
C, and it was tested for many times without 
burning down of steel balls. Thus, in long term EPP treatment, a conservative selection of 150 
Volt on steel sample was used. Similar tests and reasoning could be applied to other metals for 
proper parameter selection in long term EPP. It is worth noting that the steel balls received from 
manufacturer have a good surface finishing which assists the film boiling and renders the overall 
heat transfer. In the following test, most of samples are rectangular shape and polished to certain 
roughness, which would assist heat transfer and maintain the bulk material in a safe temperature 
range (much lower than melting temperature). In this sense, the low melting temperature 
materials like aluminum needs special care on the selection of operating parameters. 
The local information near each plasma discharge event is desired to explore the local heat 
transfer and its impact on material microstructures. The inverse heat conduction method was 
attempted to solve the near surface temperature and heat flux by inputting the temperature 
history at a point far from the surface in the material. Unfortunately, these methods are very 
sensitive to the measurement device (Beck, Blackwell, and St Clair 1985). It is intuitive that the 
period of each discharge event is much smaller than the available resolution of the thermocouple 
and material properties at high temperature near surface is nonlinear.  
Exercise was also performed to construct a simplified electric field model near a given 
electrode. The purpose is to validate the available data of electric fields upon discharge. With 
ANSYS12.0, 2D models are used to further simplify the symmetric geometry. The model 
describes a situation when a rectangular shaped electrode immersed in the electrolyte (Figure 
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3.31). A 1cm x 1cm steel electrode is immersed in a 6cm x 8cm solution bath. As power 
switched on, gas bubbles emerge from surface. The bubbles near the surface grow with time and 
eventually coalesce into a quasi-continuous film. Kinetics of single bubble growth in such 
electrolytic gas evolution case could be found in literature (van Stralen and Cole 1979). The 
continuous gas film is assumed varying from 100μm to 300μm. Figure 3.31(left) shows meshed 
areas of two different materials (solution and steel), while Figure 3.31(right) indicates a third 
material (gas film) covers the steel electrode. The near gas film area contains finer meshes in 
order to capture the large electric field gradient. Material properties of each phase are listed in 
Table 3.1. A DC voltage of 150Volt was then applied on the bottom boundary of the domain to 
simulate the real experiment. And the top surface of the electrode is grounded. The ANSYS 
results for potential and electric field distribution is presented in Figure 3.32 and Figure 3.33.  
Table 3.1: Material properties used for ANSYS model 
Material Relative permittivity Electric resistivity (Ωm) Density (Kg/L) 
Electrolyte 55 2.32e-3 9.6e-1 
Steel 1 1.6e-7 7.85 
Gas 1 3e16 1e-3 
 
 
Figure 3.31: Meshed geometry without gas film (left) and with 100 μm gas film (right) 
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Figure 3.32: Electric potential distribution near electrodes without gas film (left) and with 
gas film (right) 
 
Figure 3.33: Electric field distribution near electrodes without gas film (left) and with gas 
film (right) 
 
Figure 3.34: Results of electric potential and electric field distribution at middle line from 
FEA 
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Figure 3.32 indicates that with onset of continuous gas film the potential drop is 
concentrated through gas film. The insertion of Figure 3.32 (right) shows the detailed potential 
gradient across gas film. Hence the average electric field near electrode is increase by one order 
of magnitude (Figure 3.33). Also, sharp corners trap electric charges and hence induce higher 
field intensity, which further increases the discharge density. In this specific configuration, the 
spontaneous formation of gas film due to electrolysis and boiling favors the plasma discharge. 
Based on this geometry, different film thickness is applied to observe the electric field 
distribution. The results of electric potential and electric field distribution were plotted along the 
center line from the top electrode edge to the bottom of the electrolyte bath (Figure 3.34). With 
the onset of continuous gas film, the electric field with magnitude of 1x10
5
 Volt/m was 
suggested as the critical electric field for gas discharge at atmospheric pressure condition 
(Llewellyn-Jones 1967), (Bazelyan and Raizer 1998). Thus, 100 to 200μm is a reasonable range 
of continuous gas film.  
In this chapter, the major experimental design of electrolytic plasma was discussed. The 
operation parameters were selected based on the purpose of cleaning and modification of metal 
surface, which could be quite different from the ones for coating (both anodic and cathodic). The 
major surface characterization results were presented in this chapter, including the size and shape 
of surface feature, time impact on the features, different material behavior with EPP, and 
microstructure of the near surface substrate. The wettability and the microstructure attribute to 
difference in corrosion behavior of EPP treated surfaces. Experiments and models for surface 
heat transfer and electric field distribution were adopted to demonstrate the feasibility of EPP 
process for different operation parameters. They could serve as initial guide for the design of 
EPP treatment on different materials.  
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CHAPTER 4. IMPROVEMENT IN AQUEOUS CORROSION 
RESISTANCE WITH EPP 
4.1 Introduction of Aqueous Corrosion 
Aqueous corrosion is a common problem occurs on metal surfaces, which could be 
exposed in a corrosive medium or just being partially contacted with salt containing aqueous 
solution. Corrosion behavior of metals covers very broad topics of electrochemistry, material 
kinetics, fracture mechanics, surface chemistry, etc. In this study, it is intended to demonstrate 
the improvement of corrosion resistance with electrolytic plasma process and such phenomena 
were tested on different materials. Since aqueous corrosion behavior is very much material 
dependent, each case of materials are discussed individually in this chapter. In order to 
familiarize the discussion of corrosion process, the main physical quantities and conditions 
involved in aqueous corrosion are discussed in the following paragraphs. 
Aqueous corrosion occurs on the interfaces wherever an electrochemical cell forms. 
Detailed definition of electrochemical cell was given in section 2.4.1. In case of uniform 
corrosion, where the material loss due to corrosion has a roughly even distribution over the 
surface, any micro structural or chemical in-homogeneity (often referred as surface defects) on 
surface would lead to spontaneous formation of cathode(s) and anode(s) in the electrochemistry 
terms. Such in-homogeneity is almost inevitable in modern materials due to manufacturing 
process and their alloying nature. Surface moisture or direct solution contact on metal surface 
provide the electric path with certain electrical resistance. Thus, electrochemical potential 
gradient and electric path could be the critical indication and measurement for corrosion 
monitoring and corrosion control.  
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 Corrosion current, the amount of electron charge involved in the reaction which is 
proportional to the material loss, are often of more interest, since complicated kinetics of 
corrosion process leads to dramatically different cases of corrosion current even for the same 
material. For example, passivated steel could have orders of magnitude smaller corrosion current 
than the activated counterpart. Also, localized corrosions, like pitting and crevice corrosion, are 
usually associated with significant local material loss and subsequent strength loss. The progress 
of localized corrosion is often not stable and very sensitive to the material and detailed working 
conditions. Other types of corrosions like inter-granular and embrittlement are very briefly 
covered in this study. 
4.2 Experiments on Corrosion Performance of EPP Treated Metal Surface  
In the following discussion of aqueous corrosion on metal surfaces, the potentiodynamic 
polarization technique, long term open circuit potential measurement, electrochemical 
impedance spectroscopy and cyclic voltammetry are used to demonstrate the different behavior 
with EPP treatment. Most widely used structural materials for example low carbon steel, 
stainless steel and aluminum alloys are studied. The experiment design and result discussion are 
presented for these individual materials. 
The device used for corrosion tests in the study is a CH Instruments electrochemical 
analyzer 600C (Figure 4.1). The image of the setup for corrosion tests is shown as well. A high 
purity graphite rod is used as counter electrode. A standard calomel reference electrode is 
assembled in a Luggin probe. The Luggin tube is blown from capillary pipet to have a 90
o
 angle 
for better reach of small working piece area. It is filled with a mixture made from agar and 
saturated KCl solution. It is to retain the ionic path through the K
+
 and Cl
-
 ions in the jelly-like 
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agar medium and minimize their impact on the local solution. The design is adopted from ASTM 
standard G3-89 and G5-94 for corrosion tests on metallic materials. The testing container could 
be sealed by the cap in case of deaerated tests. The deaerated solution condition is created by 
bubbling N2 through the solution form more than one hour. In this case, a tube could be inserted 
through the pre-drilled hole from the cap (not shown in the image), the seam between the cap and 
glass is sealed with a plastic tape for better insulation. All testing samples are mounted in fast 
curing epoxy before immersion and final polish (4000 grit) on mounted samples are usually 
applied to give fresh surface. 
  
 
Figure 4.1: CH instrument Electrochemical Analyzer (left); Corrosion test setup (right); 
mounted sample (bottom) 
4.2.1 Improvement of corrosion resistance on low carbon steel by EPP treatment 
Due to the good machinability, strength and good low cost, low carbon steel is one of the 
most widely used engineering materials. But this material has poor corrosion resistance, 
especially when it is under the uncoated condition. Many authors applied different type of 
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coatings on low carbon steel surface for corrosion prevention purpose, including ceramic, 
metallic, organic coatings and inhibitors (Lakatos-Varsanyi and Hanzel 1999), (Iroh and Su 
2000), (Bonastre J et al. 2006), (Abdallah, Helal, and Fouda 2006), (Oguzie, Li, and Wang 2007). 
Recent study indicates the laser surface alloying could improve corrosion resistance (Abdolahi et 
al. 2011). In this section, 1018 type low carbon steel is selected to test the effect of EPP 
treatment on its corrosion resistance in de-aerated neutral NaCl solution. 
Electrolytic plasma process is recently studied by many groups (Yerokhin et al. 1999), 
(Gupta et al. 2007), (Yerokhin, Pilkington, and Matthews 2010), (Bayati , Molaei, and 
Janghorban 2010), (Liang et al. 2011), (Liang, Wahab, and Guo 2011). Unlike other plasma 
related surface treatment methods (Mouri et al. 2002), (Depenyou et al. 2008), EPP operates at 
atmospheric pressure. Many previous studies have covered the topic of surface coating by EPP 
(Cavuslu and Usta 2011), (Wang et al. 2009), (Shokouhar et al. 2012), while the impact of 
electrolytic plasma itself on the metal surface corrosion has not been explored extensively. The 
initiative of this study comes from an environmental concern. The minimizing the usage of 
polluting metallic coating (Cr
+
, Ni
+
) is widely discussed issue, although at this moment it is 
difficult to completely avoid these coatings. It is worthy to explore this environmentally benign 
technique. The rapid heating and quenching of EPP generate a unique surface morphology and 
near-surface microstructure. Such features would lead to the improvement of corrosion resistance. 
4.2.1.1 Experimental of EPP on 1018 low carbon steel 
This section covers the experimental description of EPP corrosion tests. The 1018 steel 
sample (wt% 0.18C, 0.6Mn, <0.05S, and Fe balance) is sectioned (10mmx10mmx10mm) and 
wet polished (up to 2400 grit). EPP is first applied onto 1018 steel samples at 150V for different 
period of times (5 to 20 minutes). The EPP setup configurations are shown in Figure 3.1. The 
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EPP-treated samples were examined on their corrosion behavior in a 3.5% NaCl solution, as per 
ASTM standards G5-94 and G3-89. Surface phase change of the samples was examined by X-
Ray diffraction (Rigaku, CuKα). Surface morphology and chemical distribution are studied by 
Field emission scanning electron microscopy (FE-SEM) and energy-dispersive X-ray 
spectroscopy (EDAX). 
4.2.1.2 Surface characterization of EPP treated 1018 steel 
Three groups of samples, which were subjected to EPP for 2 min, 5 min and 15 min 
respectively, were selected for detailed analysis of the near surface morphology. These three 
groups represent both short and long EPP treatment durations. Figure 4.2 are the micrographs 
showing the surface morphology and cross sectional view near the surface for the EPP-2min 
group. Other two groups have the similar pattern of partial melting and solidification on the 
surfaces. The formation of such pattern is largely dependent on the material property, plasma 
discharge intensity and local molten fluid dynamics (or rheology). The insertions are the higher 
magnified features. It is observed that the finger-like surface morphology takes certain EPP time 
to become fully developed. Longer EPP processing time leads to better repeatability of such 
features. But the size of each small crater is roughly the same for all EPP 5-min and EPP 15-min 
cases, which indicates the size or radius of the plasma discharge zone is kept the same over time.  
On the cross sectional images (EPP-2min), a refined band of grain (dashed lines) near the 
surface is clearly shown. The grain size is measured (on SEM image) to be as small as tens of 
nano meters and this band extends about 2μm from the surface. Similar nano grained surface 
structure was reported by Meletis et al (2002) with higher voltage (180 V – 210 V). Such 
gradient of grain size along depth direction is due to the dramatic heating and quenching process 
near the surface. 
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Figure 4.2: SEM images for 1018 low carbon steel (a) EPP2min surface; (b) EPP2min FIB 
near surface cross section; (c) EPP5min surface; (d) EPP15min surface 
Table 4.1: EDAX results (atomic percentage) for EPP treated 1018 surface 
 
The EDAX result for EPP 5-min and EPP 15-min groups are listed in Table 4.1. The 
chemical composition was examined on different surface features. The extruded material was 
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referred to as ‘ridges’, the bottom area of each dimple is referred to as ‘base’. The bulk surface 
scan results indicate the EPP- treatment induces an oxide layer and oxides grow with time in EPP. 
The base material has the same compositions as the bulk surfaces, which indicates the areal 
density of EPP created features is limited to the surface region. The results for ridges indicate 
that the majority of the oxides are on the extrusions, which melts during plasma discharge. The 
plasma discharge would produce many highly reactive (or oxidizing) species like O
-
 and ozone, 
although the life span of this species is believed to be very short  (Wuthrich 2009). Such species 
do not appear at the center of discharge channel, instead they are far away from the center. In this 
case, the material surrounding the discharge crater could have higher possibility to experience 
such oxidation. 
 
Figure 4.3: (a) X-Ray diffraction patterns for 1018 steel after EPP; (b) William-Hall plot 
(XRD) 
 The surface XRD patterns are presented in Figure 4.3(a). The three dominant 
characteristic ferrite peaks are present in all groups. The intensity of these peaks attenuated  with 
the EPP duration, especially for the major one, α(110). Such drops are mainly due to the random 
growth of oxide on surface, as suggested by EDAX study; thus the crystallinity reduces. Also, 
the increase of surface roughness renders the overall diffraction pattern. The full width at half 
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maximum (FWHM), B, was interpolated after removing the backgroup noise signal for all plots. 
The results imply that the peak width was broadened by 4 to 8% for the peaks on EPP-5min 
samples, comparing to the as polished ones. Although these values are not significant compare to 
the common observations for nano-sized grains, it should be noticed that XRD measurement is a 
volumetric statistical average of the top surface. The penetration depth of X-ray on steel material 
could be estimated to be less than 10μm (Cullity and Stock 2001). It could be seen (Figure 4.2) 
that the refined grain is located within 3μm depth from the EPP- treated surface. Thus, the XRD 
result might only reveal limited information of the effect of EPP surface modification.  Peak 
width broadening is usually related to two micro existenance: micro strain and reduction of 
crystallite size. The Williamson-Hall plot, Figure 4.9 (b) is used to show that both strain and size 
are the source of broadening, otherwise constant values of Bcos(θ) should be observed in case of 
size effect solely (Cullity and Stock 2001). The high peak α(110) on the as polished surface 
indicating distorsion of surface crytalline during mechaincal polishing, and such pattern restored 
its standard level, as shown in the reference pattern, with short period of EPP-5min treatment. 
This indicates the localized heating of EPP could also lead to recrystallization of the surface 
sturcture. 
4.2.1.3 Results and discussion on corrosion improvement of EPP treated 1018 steel 
 The typical Potentiodynamic polarization curves (1hour, at a scan rate of 0.001V/sec) for 
each group are shown in Figure 4.4 (a). Each group was repeated for more than 3 times. It is 
evident that EPP treated samples have higher corrosion potential. Short time EPP treatment 
yields higher corrosion potential. It is also evident that the as polished scan does not show any 
active/passive transition, while the EPP treated sample tends to show a certain passivation 
(current density decrease and then retrieve), especially for longer time of treatment (EPP-15min). 
 70 
 
This indicates an increase of localized corrosion resistance by longer EPP and it is associated 
with the oxide coverage on the surface. In Figure 4.4 (b), statistical results for corrosion potential 
(Vocp), breakdown/pitting potential (Vpit), and the protection potential (Vpro), where corrosion 
initiates after first passivation are plotted with 1 standard deviation on error bars. The statistical 
results indicate that corrosion potential improvement decays with EPP time and a constant 
improvement in pitting corrosion is evident. Also, the corresponding corrosion current density 
and then corrosion rate (Corr. rate) were calculated by interpolating the Tafel slopes. In general, 
the corrosion rate is improved by around 20%. Since the EPP 2-min group has shown the best 
corrosion potential, this group is selected in the following study. 
 
Figure 4.4: Potentiodynamic polarization of each control groups (1 hour immersion in 3.5% 
NaCl) 
Typical active-passivation behavior is exhibited by the first set of cyclic voltammetry 
(Figure 4.5). This test was performed at a scan rate of 20mV/sec after 1 hour of immersion in the 
deaerated 3.5% NaCl solution. On each sample, multiple step scans (from -1.3V (SCE) up to -1.1, 
-1.0, -0.9, -0.8, -0.6, -0.4, -0.3, and -0.2V) were used to manifest the electrochemical processes 
and identify the reaction products. These above mentioned eight scans were performed 
consecutively from cathodic towards more anodic direction. Between each scan, surface bubbles 
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were completely removed by applying magnetic stirring in the corrosion cell for 30 seconds and 
the near surface diffusion layer formed from previous scan is assumed to be removed as well. 
Then 10 minutes immersion in stationary condition is taken before the next scan in order to 
restore the uniform initial surface condition (diffusion layer) for each scan. Also, the surface 
open circuit potential is monitored to ensure the consistent conditions.  
 
 
Figure 4.5: Cyclic Voltammetry for (a)As polished, (b)EPP-2min and (c)EPP-15min 
samples at 20mV/sec after immersion in 3.5% NaCl for 1 hour, scan from -1.3V(SCE) up to -
0.2V  
Almost the same pattern (Figure 4.5) is observed on all samples, which indicates that EPP 
surface treatment does not alter the fundamental oxidation and reduction processes on the surface. 
Long arrows indicate the initial scanning direction for each run; also small arrows show the 
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reverse direction. Three major peaks are observed (by Roman letters) and a small reduction peak 
(IV) could barely be seen. Similar results on carbon steel were reported in open literatures  
(Bonastre J et al. 2006), (MacDonald and Roberts 1978).  It is clear that there is no cathodic peak 
observed on the reverse scan after Peak I for narrow range scans (from -1.3V up to -0.6V), while 
the reverse scans start to pick up cathodic peaks (III and IV) after the forward scan completely 
pass through Peak II in more positive direction. Such sequence indicates that the oxidation 
products generated through peak I (Fe/Fe
2+
)  is reduced at Peak IV and the one formed during 
Peak II (Fe
2+
/Fe
3+
) is mainly reduced at Peak III. Peak I is corresponding to the dissolution of Fe 
atom into Fe
2+
. All the groups follow the same thermodynamics and appear at -0.98 V (shown in 
brackets), but Peak I currents show different kinetics. The as polished surface persists almost the 
same current level for all the scans, which implies that the same amount of active spots and 
electron transfer occurs. 
 The EPP-treated groups show certain increase in Peak I current at the last few scans, 
although the current levels for EPP- treated groups are less than half of the as- polished group. 
EPP-2min has the least Peak I current (0.033 mA/cm
2
) until more positive scan (up to -0.3V) is 
swept, when the numbers of reactive spots are increased. This indicates that the EPP resultant 
surface layer provides effective resistance against the Fe dissolution and surface oxide layer and 
nano grained structure could contribute to the overall resistance. The Peak I current of EPP-
15min group starts to increase at lower potential scans (up to -0.4V), while the significant 
increase of Peak I current on EPP-2min happens after the last scan (up to -0.2V). This implies 
that the EPP-2min group is more resistance against the increases of active corrosion nucleus. 
After Peak I, a flat ‘passivation’ plateau is present due to the possible formation of iron 
hydroxide, which provides a diffusion barrier for charge transfer. All the EPP groups show low 
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current (<0.1mA/cm
2
) and more extended passivation compare to the as polished surface. The 
iron hydroxide layer retains longer and denser on EPP-treated samples. The surface morphology 
and chemical distribution of EPP-treated samples have the major contribution to these subtle 
changes. Similar performance could be observed on Peak II in peak current (see values in the 
brackets). The breakdown potential, when current starts to rise after Peak II, for all the EPP-
treated samples are higher than –0.5V, while the as polished curve is at -0.59V. This indicates 
the increase of localized corrosion by EPP treatment.  
 
Figure 4.6: Open circuit potential over 48 hours in 3.5%NaCl solution for different EPP 
treatment time 
The open circuit potential was recorded for 48 hours with all groups immersing in the 
stationary corrosive medium (Figure 4.6). All groups experienced an initial drop of corrosion 
potential. Major passivation occurs within the first 10 hours. Large deviations of corrosion 
potential are observed in the initial passivation stage, which is associated with the growth of iron 
hydroxide and soluble Fe
2+
, Cl
-
 complexes (Ergun and Turan 1991). After 20 hours, the 
deviation between EPP-treated and as- polished samples became clear. The EPP-treated groups 
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acquire higher corrosion potential (0.02Volt higher than the final value of original material) and 
keep until the end of the test, although the EPP-15min group has the lowest corrosion potential 
until 20 hours immersion. Such difference indicates the general corrosion resistance effect of 
EPP- treated samples. The surface oxide layer could have profound impact on the local corrosion 
potential. The surface oxide layer tends to provide sustainable protection. Also, small peaks are 
probably associated with the de-passivation and re-passivation processes. 
4.2.2 Corrosion and strength optimization by EPP on 304 type of stainless steel 
 Stainless steel 304 is one of the most widely used stainless steel material, since it already 
has very good corrosion resistance in minor to mild corrosive conditions. Recent research and 
industrial practice are intended to improve mechanical strength of this type of steel. A common 
practice is to induce microstructural phase change by mechanical deformation  (Wang and Li 
2002), (Zhang H 2003), (Hedayati et al. 2010). The base material obtains austenitic phase (γ) in 
the as received condition. With heavy deformation, the austenitic phase is converted to 
metastable martensitic phase (α’) and it also yields submicron/ultra-fine grains. These two 
critical microstructural changes lead to significantly increase in the material strength. The 
corrosion resistance, on the other hand, has an adverse effect with increase of mechanical work 
(Lee et al. 2009). In order to improve the material strength while retaining the corrosion 
resistance of stainless steel, the localized heating effect of EPP is utilized to accurately deliver 
the desired heat treatment. The surface heating rate of EPP could reach 300
o
C/sec and the plasma 
temperature could reach more than 2000K, but the surface plasma could only sustain for a period 
of milliseconds and effect a few micrometer in diameter (Yerokhin et al. 1999), (Gupta et al. 
2007), (Golosnoy, Curran, and Clyne 2009). These unique features enable the electrolytic plasma 
as a novel heat source for such purpose, which is delivering high heating rate and quenching rate 
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in the vicinity of surface layer. This surface heat treatment allows the bulk material retaining its 
designed structure. In this case, the martensitic phase and super refined grains are retained. At 
the same time, the surface layer has phase transformations, due to heating effect, retrieves a 
certain amount of austenitic phase and improves its corrosion resistance  (Liang et al. 2011). 
4.2.2.1 Experimental of EPP on shot peened 304 stainless steel 
The as received stainless steel 304 material (wt%: 0.064C, 18.20Cr, 8.64Ni, 1.45 Mn and 
Fe balance) were sectioned and annealed at 1050
o
C for 20 minutes followed by water quench. 
This pre-treatment is to ensure the original austenitic phase in presence. In this study, mechanical 
deformation is introduced by a ball milling process.  
 
Figure 4.7: SPEX 8000 milling machine (left) and disassembled vial of ball milling (right) 
The polished (1200 grid) and cleaned samples are subject to heavy ball milling for 40 
minutes (SPEX 8000 mill) (Figure 4.7). The inner vial could be assembled into the external case 
with a ring cap. Sample is confined between the inner vial and the cap. During the milling 
process steel balls inside the vial impinge on the sample surface. Then samples are sectioned and 
treated with EPP. The EPP was performed with set voltage at 120V, electrolyte conductivity σ 
=43.1×10
-3
 S/cm, sample effective surface area 1±5% inch
2
 and treatment varies from 5 to 20 
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minutes (Figure 4.8). Standard metal sample preparations were following between each 
treatment.  
 
Figure 4.8: SS304 sample after ball milling (left); sectioned sample after balling and EPP 
(right) 
4.2.2.2 Surface characterization of EPP treatment on shot peened 304 stainless steel 
Surface X-ray diffraction pattern for different treatment stage are used to illustrate the 
phase change near surface (Figure 4.9). All the relevant austenitic (γ, red dashed lines) and 
martensitic (α’, blue dashed lines) phases and their evolution on the surface are presented. γ 
phases are completely recovered after annealing. With ball milling, the α’ phase was observed 
after ball milling. Then, γ phase is gradually retrieved with the prolonged EPP treatment. Such 
evolution is very clearly elucidated by the consecutive rise and fall of the two dominant 
directions (43.6
0
 for γ phase and 44.70 for α’ phase). A quantitative analysis of XRD patterns 
were performed according to the Eq (4.1), which is referred as direct comparison method (Cullity 
and Stock 2001). It describes the volumetric fraction (fα’) of α’ martensitic near the surface layer. 
In this formula, Ii is the relative intensity of ith phase, which is obtained from the integrated area 
of the relevant peak; Ci is a factor related to Bragg angle and hkl is the miller indices of face 
direction vector. It was assumed that γ and α’ phases are the only phases of consideration. All the 
nine peaks, occurring on patterns, were included in the volume fraction calculation. Notice that 
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the penetration of X-ray on the stainless steel material is approximately 5μm. The results from 
this calculation are listed in Table 4.2. Martensitic phase reaches highest level (50%) and 
gradually reduces to a low level (8%) with increase of EPP treatment time. This result indicates 
that the localized heating effect of EPP could effectively retrieve the original surface 
microstructure.  
       
∑        ∑        
∑        ∑       
    
(4.1) 
Table 4.2: Volume fraction of martensitic phase in different stages of treatment (Liang et al. 2011) 
 Annealed BM BM+EPP 5 BM+EPP 10 BM+EPP15 BM+EPP 20 
fα' 0.12% 50.61% 29.30% 13.66% 12.63% 8.67% 
 
 
Figure 4.9: X-ray diffraction patterns: (a) annealed; (b) ball milled 40 min; (c) ball 
mill+5min EPP; (d) ball mill+10min EPP; (e) ball mill+15min EPP; (f) ball mill+20min EPP  
(Liang et al. 2011) 
Surface hardness level is widely recognized as an indication of mechanical strength. It is 
used to justify that the mechanical strength could be preserved with EPP treatment. Vickers’ 
hardness values are plotted along the cross section surface (Figure 4.10).  The hardness decreases 
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with depth. On the top surface layer (<0.2mm), ball milled samples acquire HV of 425, which 
doubles the hardness of received samples. This significant increase in HV is due to the formation 
of α’ phase in the shot peening process, which corresponding to the high fα' value observed in 
Table 4.2. There is no significant loss of strength due to EPP rapid annealing treatment, till 15 
minutes of EPP, where the fα' is still above 10%. HV decreases apparently when fα' turns lower 
than 10%. Both ball milling process and EPP process have localized effects to the near surface 
regions of about maximum 1mm from the surface. In comparison to the ball milling case, the 
EPP treated samples have higher HV between 0.5 mm to 1 mm in depth, which is due to the 
localized quenching of EPP and martensitic is induced during continuous quenching and 
reheating.  
 
Figure 4.10: Hardness value on cross section, load=100g, loading time=15sec (Liang et al. 
2011) 
The SEM photos (Figure 4.11) indicate the images of the etched cross section near the top 
surface for the different processing samples. Lathy martensites are found on etched cross 
sections. The martensite volume from XRD study implies that, after 20 min EPP annealing, more 
than 90% of surface layer was transformed into austenite, but it is clear that the submicron grain 
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remains near the top surface, event after 20 minutes of EPP. The insertions are the magnified 
view of the top surface grains. In general, the multi-directional twinning due to heavy cold work 
appears near the surface and gradually become two and then one directional towards inside. 
 
 Figure 4.11: SEM of etched cross section (a) ball mill 40 min; (b) ball mill 5min EPP; (c) 
ball mill 20min EPP (Liang et al. 2011) 
4.2.2.3 Results and discussion on corrosion of EPP and ball milling treated samples 
Open circuit potential (Eocp), corrosion current density (icorr), and protection potential (Ep) 
were determined for different samples. Figure 4.12 shows the typical Tafel plots for all the 
groups. From Figure 4.13, It is clear that ball milling process increases strength but apparently 
impairs corrosion resistance, as Eocp decreased and icorr increased. For EPP treated samples, the 
Eocp decreases to the lowest level for 5 min EPP; then a significant improvement can be found for 
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the 10 min EPP case, which is as good as the as-received ones; and then the open circuit 
potential gradually reduces again. icorr experiences a similar but inversed behavior. This indicates 
that there is an optimal treatment period (10 to 15 minutes of EPP), which produces the best 
result (highest Eocp and lowest icorr). It is noticed that the hardness values of EPP 10min and EPP 
15min samples still acquire almost the same strength as the ball milled one, while these two 
groups acquire similar corrosion resistance as the received ones. 
Ultrafine grained SS304 surface has better corrosion resistance because higher grain 
boundary density leads to higher diffusion rate of chromium and better chromium oxide layer 
formation (Yerokhin et al. 1999).  But existence of martensite on the surface will lead to galvanic 
effect between martensite and austenite and cause poor corrosion resistance. From SEM study, 
all samples surface remains submicron grain structure, while 10 min EPP and 15 min EPP have 
lower martensite fractions. These lead to the significant improve of corrosion resistance for these 
two groups. With prolonged treatment time, EPP might cause chromium carbides precipitation 
on surface and poor corrosion resistance. Since the maximum temperature of aqueous plasma is 
close to 2000K, although the EPP discharge does not covered the entire surface and the period of 
high temperature heating is only about a few micro seconds, over prolonged treatment, (20min 
EPP case), localized chromium carbide can be formed (400 to 800°C) thus the corrosion 
resistance for long EPP case is worse than the 10 min and 15 min counterparts. After EPP 
treatment on ball milled 304 stainless steel samples, both high strength and corrosion resistance 
could be achieved on SS surfaces. An optimal treatment time (10 to 15minEPP with 40min shot 
peening pretreatment) was illustrated in this study. Submicro-grained surface structure and low 
martensite volume fraction at the top surface provide the combination of high hardness and good 
corrosion resistance. 
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Figure 4.12: Tafel plot curves for SS304 in 3.5wt% NaCl, scan rate=0.001V/sec (Liang et 
al. 2011) 
 
Figure 4.13: Corrosion potentials and current densities  for all groups of SS304 (Liang et al. 
2011) 
A reverse scan was taken directly after the Tafel scan, as shown in Figure 4.14, a second 
peak is observed. This peak is usually considered as an indication of continuous corrosion after 
passivation and it is associated with the breakdown of passivation layer. The voltage measured at 
this peak is referred as the protection potential (Ep). Figure 4.14 shows that both EPP treated and 
annealed sample has higher Ep than ball milled one. In order to examine the corrosion behavior 
after the samples experiences server corrosion, the initial and corroded sample surfaces from 
potentiodynamic polarization tests were examined by SEM. 
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Figure 4.14: Cyclic voltammary plotted in a Tafel style SS304 samples (-0.6 to 1.6V; scan 
rate 1mV/sec)  (Liang, Wahab, and Guo 2011) 
 
 
Figure 4.15: SEM for SS304 initial and corroded surface: (a-b) annealed; (c-d) Ball milled; 
(e-f) BM+EPP (Liang, Wahab, and Guo 2011) 
Figure 4.15 (a), (c), (e) shows the initial surface morphology of annealed, BM and 
BM+EPP samples. Annealed samples remain clear polishing marks and BM sample surfaces 
have cracks due to heavy impingement of steel balls. EPP samples contain typical spheroidal 
extrusion and craters from melting and quenching process. Figure 4.15 (b), (d), (f) are corroded 
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surfaces after the polarization cycles in Figure 4.14. Low magnifications were used to view the 
whole picture of corroded morphologies. The annealed samples have most severe pitting after the 
polarization cycle. Exfoliation of the surface crust was clear on Figure 4.15(a) and (b). The 
amount of pits on BM sample is less than the annealed ones, the ball milling process effectively 
refined the surface grains and the increase of grain boundary density would promote the 
diffusion of Cr (Wang et al. 2003) and possibly insist the continuous formation of Cr oxide 
protective layer. Nevertheless, cracks were also observed on BM samples. On EPP samples, the 
pits were smaller but more in amount. It was reported that the light annealing or heat treatment 
on sandblasted steel could lead to increase of OCP (Zhang H 2003), which was proved by this 
study (Figure 4.13). The EPP induces much higher temperature than conventional annealing 
temperature on the steel surfaces. Such high temperature leads to the precipitation and depletion 
of Cr during melting of surface materials. Table 4.3 is the statistical atomic percentage 
distribution of surface chemical element for different groups. EDAX was used for this 
measurement. The BM sample has very similar element distribution as the annealed one, except 
chromium and oxygen percentage is slightly higher and matches the reported values (Zhang H 
2003). Three selected measurements from different spots BM+EPP samples were listed. The 
bulk result of EPP sample shows there is a 50% increase in carbon and 18% decrease in 
chromium, compare to the annealed sample. On the spheroids, which are the solidified molten 
material, the depletion of chromium is very clear (-61%). In the valleys (Figure 4.15(e)), the 
atomic percentage of chromium recovered to the similar level as annealed ones. From this 
observation, the pits on EPP treated samples could be considered to initiate from chromium 
depleted molten spots. 
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Table 4.3: EDAX results for element distribution on initial SS 304 surfaces 
  (Liang, Wahab, and Guo 2011) 
Element Annealed(bulk) BM(bulk) BM+EPP(bulk) BM+EPP(spheroid) BM+EPP(valley) 
C 07.98 06.63 10.14 22.29 05.85 
O 01.25 02.66 01.05 00.59 01.04 
Cr 16.47 16.64 13.48 06.38 16.34 
Mn 01.33 01.68 01.28 00.52 01.40 
Fe 65.36 63.85 65.28 57.95 66.10 
Ni 07.60 08.54 08.77 12.28 09.28 
The corrosion behavior of different treatment on stainless steel 304 in 3.5wt% NaCl 
solution could be measured by recording the open-circuit-potentials (OCP) for a long period of 
time (Figure 4.16). All groups had 2 characteristic passivation cycle, indicated by arrows in 
Figure 4.16. The annealed sample had very quick passivation after immersion and OCP reached -
0.15V at about 2 hours, then its OCP dropped at a rate of 0.0125 V/hr for 8 hours. The reduction 
of OCP on annealed sample indicated a depassivation process and such processes were attributed 
to the penetration of Cl
-
 through initial chromium oxide layer. Following the slow depassivation, 
an accelerated breakdown of passivation film indicated by a steeper drop (0.04V/hr) in OCP 
proceeded until it reached a minimum level, -0.58V. The repassivation produced a second 
plateau (-0.52V). The second passivation period took 4 hours to decay. The BM sample had a 
similar pattern of evolution in OCP as the annealed one, but its first passivation kept at a much 
lower potential level (-0.23V) and sustained for less time (3 hours). It’s believed that the surface 
roughness played an important role. It was shown in table 1 that the surface roughness of BM 
sample was five times larger than the annealed ones. The second passivation on BM sample also 
took place and kept at roughly the same level as the annealed one. The OCP for BM+EPP sample 
initially dropped at a very high rate. But, after surfing through a small repassivation-
depassivation cycle (1 hour), it restored quickly after 2 hours. Although EPP generated the 
highest surface roughness level, BM+EPP samples manifested a sustainable passivation from 6th 
 85 
 
hour and high OCP was kept till the end of the test.  The integrity and good sealing of protective 
layer on EPP treated sample are related to its special composition resulted from localized high 
temperature treatment.  
The electrochemical impedance test was performed at OCP ±0.002V for each indicated 
time point. Nyquist plots (Figure 4.17) were used to illustrate the evolution of corrosion 
properties. At initial exposure (0.5h) stage, annealed sample has a large capacitive loop (radius 
of 3.5 x10
3
 Ω∙cm2) in high frequency (HF) region, which is a combination effect of double layer 
capacitance and the metal dissolution near solid/electrolyte interface. Also, larger diameter of 
these capacitive loops indicates lower dissolution rate of metal. It could also be observed that the 
HF capacitive loop does not fit a perfect semicircle, which is associated with the complex 
physical process at interface. The loop radius reduced to half of its initial level after 2 hours. The 
reduction of corrosion resistance was less significant after 5 hour immersion.  
 
Figure 4.16: Open-circuit-potential over 24 hours of immersion in 3.5% NaCl solution for 
anneal, ball milled and EPP treated samples (Liang, Wahab, and Guo 2011) 
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BM sample exhibited larger corrosion resistance (radius of 2.5x104 Ω∙cm2), one order of 
magnitude large than the annealed sample. The lower dissolution rate of surface material is due 
to the protective layer of Cr2O3 near surface. This behavior agrees with the suggestion of faster 
chromium diffusion towards surface after heavy mechanical impingement (Wang et al. 2003). A 
pseudo inductive loop in low frequency (LF) region was observed at 1h for BM sample. This 
indicates a fast breakdown of passive film and adsorption of active Fe
+1
 and Fe
+2
 species. It 
could be explained that the grain-refined surface provide larger amount of corrosion path than 
annealed case, once the initial chromium oxide film was penetrated, the consequent deterioration 
is very fast. It could also be seen from Figure 4.16, where the OCP decayed much faster at the 
initial few hours of exposure. The corrosion resistance reached minimum after 5 hour of 
exposure and the corrosion resistance restored at 10 h, which could also be confirmed from 
Figure 4.16. A second passivation started about 10 hour. With 2 hour immersion, BM sample 
showed a secondary capacitive loop in LF region. The transformation from inductive to 
capacitive loop indicates the re-growth of Cr2O3, since high dose of Cr, supplied from previous 
mentioned diffusion mechanism, could suppress the dissolution of Fe2O3 in passive film (Son et 
al. 2001). A Warburg tail at LF after 10 hour immersion was captured on BM sample, which 
indicates a diffusion controlled reaction. 
 EPP treated samples had a very different behavior from the previous two. The initial HF 
capacitive loop (0.5h) was the lowest (radius of 1.3 x10
3
 Ω∙cm2) and high dissolution rate is 
associated. It is because of the larger surface roughness effect and the chromium depletion at 
some spots like spheroids from melting. The HF capacitive loop gradually increased in size with 
a development of inductive loop after 1 hour, and then a LF tail was developed after 2 hour, 
which corresponds to the increase of adsorbed reduction suppression species and it could also be 
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related to the first small peak of EPP curve on Figure 4.16. Significant rise of corrosion 
resistance after 5 hour could be seen from Nyquist plot, which could also be checked in Figure 
4.16. The increase of protective layer with time was also seen from the large LF tail for longer 
immersion time.  
 
 
Figure 4.17: (a)Nyquist plots for annealed sample; (b) Nyquist plots for ball milled sample; 
(c) Nyquist plots for BM+EPP samples; (d)   Bode plot 3 groups at 10h and 0.5h (insertion)  
(Liang, Wahab, and Guo 2011) 
In order to simplify the analysis, a Randles like electric circuit model (Figure 4.18) was 
used in current study to manifest the physical process at electrode interface (Orazem and 
Tribollet 2008). It was shown in Figure 4.17(d) that, after 10 hours in 3.5% NaCl solution, the 
annealed sample indicates two time constants. For BM sample, two distinctive peaks were very 
clear, while it shows a wider capacitive region initially (Figure 4.17(d) insertion). In case of 
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BM+EPP sample, a wide capacitive region covered from 0.12Hz to 200 Hz. This information 
suggests a constant phase element (CPE) is required to capture this non-homogeneity of surface 
features. The other surface features except the charge transfer resistance (Rt) were integrated in a 
generalized impedance.  A generalized diffusion impedance (ZD) was to capture the convective 
diffusion inside porosity of partially broken oxide layer, which would be apparent at LF region. 
At HF region, ZD approaches to a Warburg impedance. A separate Warburg impedance (ZW) was 
used to capture the stagnant diffusion of active Fe ions, since no flow was introduced in all 
experiments. Inductive element (ZL) is also used to account the partial surface coverage by the 
adopted reactive species. The mathematical expressions for these impedances were listed in 
Equation (4.2) and the fitted results were shown in Table 4.4. 
 
Figure 4.18: Generalized equivalent circuit for model all three groups (Liang, Wahab, and 
Guo 2011) 
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(4.2) 
From Table 4.4, the annealed sample has maximum charge transfer resistance at 5h and 
drops to almost the same level as the initial value at 10h. Rt indicates a rise and decay of 
corrosion resistance on annealed metal surface. So comparing the values in other groups, BM 
sample experienced a very fast increase and sudden drop of corrosion resistance, while the 
corrosion resistance had a slow increase on BM+EPP sample. Q value is an estimating 
 89 
 
measurement of the interfacial capacitance and is proportional to the active-adsorption reaction 
rate, i.e., reduction in Q leads to an effective increase in corrosion resistance.  BM sample had a 
monotonic increase of Q, and BM+EPP sample started to decrease in Q at 10h. So BM+EPP 
sample would reflect a sustainable corrosion resistance. α value for BM sample had the largest 
range of variation, which suggests significant change of charge transfer model on BM sample. 
Also, it acquired highest initial α value (α =0.91), which reflects a very capacitive nature of 
initial Cr2O3 containing protection layer. The diffusion impedance of BM sample is almost two 
orders of magnitude larger than the BM+EPP sample, owing to its effective blockage of Fe
2+
 
reduction reaction. A significant difference in the evolution of inductive component (L) was 
observed. High value of inductive element indicates large amount of active adsorption near 
interface. But the overall corrosion potential still maintained at high level (Figure 4.16). 
Table 4.4: Fitted values of the elements in equivalent circuit in Figure 4.18  
 (Liang, Wahab, and Guo 2011) 
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4.2.3 Corrosion behavior on Aluminum 6061 alloy 
The corrosion performance of EPP treated aluminum alloy (6061) is discussed in this 
section. The details of surface morphology as observed on EPP treated aluminum alloy surfaces 
(Section 3.3 and 3.4) are quite different from the ones for steel material. The melting temperature 
and surface free energy have profound impact on the EPP resultant surface morphology and 
chemical distribution. Following the similar corrosion test procedure, the potentiodynamic 
polarizations were performed on different groups after EPP treatment and the typical curves were 
plotted in Figure 4.19. No significant passivation was observed and hence localized corrosion is 
likely the major form of corrosion on 6061 surfaces. Figure 4.20 include the averaged open 
circuit potentials and corrosion current densities for all treatments, which were interpolated from 
Tafel slopes. The open circuit potential of EPP treated surfaces has an apparent improve, which 
has certain correlation with the oxides formation after EPP. The oxide layer would provide 
certain increase in capacitive interfacial impedance. And the morphological change has minor 
effect as shown previously (Figure 3.23). But the corrosion current density results (Figure 4.20b), 
on the other hand, indicate that EPP treatment has adverse effect in corrosion resistance. Large 
errors indicate that the impact of EPP treatment on 6061 aluminum is not stable, but the overall 
increase of corrosion rate is clear. The increase of corrosion current is associated with the surface 
morphology and chemical element redistribution after EPP treatment. The surface 
characterization of EPP treated surface before and after corrosion is presented in the following 
sections. 
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Figure 4.19: Typical Tafel plots for EPP treated 6061 samples 
 
Figure 4.20: Open-circuit potential and corrosion current of Al6061 with different 
treatments 
4.2.3.1 SEM study for corroded 6061 surfaces 
The SEM images were taken on as polished (800 grade) 6061 and EPP treated surfaces. As 
suggested in the section 3.3, the wettability does not have significant variation on the major 
center region after EPP treatment. For comparison study, the EPP 2 minute sample was selected 
as the most representative EPP sample. The surface images before and after corrosion were 
collected in Figure 4.21. The insertions are the enlarged images for micro features. Figure 4.21c 
shows the EPP treatment on aluminum alloy yielding very different features, compare to the ones 
on steel surfaces. The features are all crater-like shape and small craters are imbedded in the 
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bigger ones. Also, the average crater size (10 to 20μm in diameter) is much bigger than the ones 
on steel; this would possibly lead to the less impact on wettability, comparing to the steel 
surfaces.  
 
 
Figure 4.21: SEM images for EPP treated and base 6061Al before and after corrosion  
The air-pocket mechanism suggested for steel case might not be suitable for very large 
concaved space, since the capillary force on the inner edge of the crater is not enough to support 
the much larger gravity of the liquid. The corroded surfaces contain developed pits and cracks; 
the size of pit is larger on EPP treated surface. And all pits tend to initiate along one direction. 
Such preference could be due to the aligned grains during the rolling manufacturing process. But 
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in a microscopic scale, as shown by Figure 4.21d (insertions), the pits develop at the bottom of 
the craters and coalesce to form larger crack. The corrosion products (Al2O3) reveal brittle nature. 
4.2.3.2 EDAX results for EPP and corroded 6061 surfaces  
Corrosion behavior has very close relationship with the surface chemical content and its 
distribution. EPP causes dramatic heat and mass transfer near surface and electrochemical 
reactions are always accompanied. So in this section, some typical locations near the EPP 
features and the initiation spot of pits were selected for EDAX analysis. Figure 4.22 shows the 
micro features on an EPP 2min surface. The marked areas were picked for EDAX analysis. The 
area 1, 2 and 3 are selected at the bottom of the crater, flat surface outside of the crater and the 
edge of the crater. The atomic percentages of the elemental distribution were listed in Table 4.5.  
The content after EPP treatment is the formation of oxides. The distribution of oxygen content 
indicates that the edge of these craters (Area 3) has higher oxides, compare to the crater center 
(Area 1). These uneven distribution causes higher potential around the edge, so the edge material 
becomes local cathode and bottom tends to corrode. It is confirmed with the SEM results. The 
Mg2Si is commonly recognized as an important precipitation for this 6061 aluminum alloy 
(Edwards et al. 1998). More complicated precipitations (Al-Mg-Si and Al-Mg-Si-Cu) could also 
exist under different heat treatment (Perovic et al. 1999). The atomic percentage suggests that the 
region inside the crater is depleted in Silicon and the atomic ratio of the Mg and Si elements on 
the outside region near plasma zone tends to match the stoichiometric ratio of Mg2Si. It implies 
that EPP treatment could also promote the formation of precipitations near edge of crater, which 
also could serve as a local cathode (El-Menshawy et al. 2012). These selective fashions of 
corrosion mechanisms could become aggressive as the pits develop deeper, when the (local 
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anode/cathode) area ratio becomes very small and hence the EPP treated surface yield higher 
corrosion rate.  
 
Figure 4.22: Selected spots for EDAX analysis on EPP(2min) treated 6061 surface 
Table 4.5: EDAX results: atomic percentage of selected spots for EPP (2min) treated 6061 
Atomic% O Al Mg Si Cu 
Area1  1.11 97.3 1.56 0.14 0.2 
Area2 1.73 95.91 1.83 0.49 0.38 
Area3 2.87 93.8 1.86 1.13 0.33 
 
Figure 4.23 Selected spots for EDAX analysis on corroded base 6061 surface 
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Table 4.6: EDAX results: atomic percentage of selected spots for corroded base 6061 
Atomic% O Al Mg Si Na 
Area1  37.47 58.65 1.04 1.05 1.79 
Area2 20.12 77.11 1.43 0.64 0.7 
Area3 58.76 38.42 0.51 0.98 1.32 
The results for corroded 6061 aluminum surface are given in Figure 4.23 and Table 4.6. 
Area 1 is an initiation spot of pit and it is propagating towards the bigger crack. Area 3 is the 
edge of a large pit. Both of them contain the trace of residual sodium. Area 2 contains a small 
particle and the atomic ratio suggests is very likely a precipitation and it is nobler than the 
surrounding region, so no corrosion occurs in this area.  
 
Figure 4.24: Selected spots for EDAX analysis on EPP(2min) treated 6061 surface after 
corrosion 
Table 4.7: EDAX results: atomic percentage of selected spots for EPP (2min) treated 6061 
Atomic% O Al Mg Si Na Cu 
Area1  16.1 80.72 1.23 0.89 0.8 0.25 
Area2 10.50 83.39 1.78 2.61 1.45 0.28 
Area3 15.31 81.36 1.46 0.72 0.95 0.21 
Area4 33.41 62.83 1.17 1.04 1.25 0.29 
Area5 29.53 66.09 1.22 1.19 1.51 0.47 
On Figure 4.24, the area 1 and area 3 were selected on the precipitations and edge of micro 
features. They are nobler spots compare to the other areas. The relevant Mg/Si could be found in 
Table 4.7 for identification of precipitation. Area 2 is the bottom of a small crater, sodium is 
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found inside it, which indicating the development of pit into the crater. Area 4 is a local anode 
(without formation of precipitation) and pitting is developing. Area 5 is on the path towards the 
big pitting hole and it is propagating. The phenomena suggested by these observation matches 
with the proposed mechanism of corrosion. Hence, EPP treatment could leads to adverse impact 
on 6061 aluminum alloy. 
In this chapter, three different materials under EPP treatment were tested in corrosive 
aqueous conditions, due to the material property difference, the resultant surface after EPP 
treatment has profound impact on the corrosion behavior. Steel surfaces show improved 
corrosion resistance after EPP, while the aluminum alloys yield poor corrosion rate.  
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CHAPTER 5. CLEANING METAL SURFACE OXIDES FROM 
OXIDATION BY EPP 
5.1 Introduction and Initiative of EPP on Oxides Cleaning 
Surface cleaning is a crucial step for subsequent coating and repair treatment. Many 
industrial surfaces are subject to corrosion and contamination or undesirable deposition of oxides 
during service, for example, the heat exchanger tubes. With growth of oxide layer, the designed 
heat transfer coefficient or electrical conductivity would significantly attenuate. Recently, 
Electrolytic plasma process (EPP) has been documented as an effective surface cleaning method. 
Its fundamental mechanisms were reviewed by Yerokhin (1999) and Gupta (2007).  EPP has 
been used to clean the surface of plain AISI 4340 steel (Yerokhin, Pilkington, and Matthews 
2010) and a nano-crystalline structure was found at the near surface zone after EPP on AISI 4340 
(Cheng, Gupta, and Meletis 2010). The EPP treated surface also has improved corrosion 
resistance (Yerokhin, Pilkington, and Matthews 2010), (Liang et al. 2011). In this chapter, the 
EPP is used to clean the surface subject to high temperature oxidation. With emerging of more 
and higher temperature applications, cleaning and recycling of the critical components after high 
temperature working conditions could be an immediate need and challenge, but this technique 
has huge industrial potential. For instance, the working temperatures for solid fuel cells (yittria-
stablized zirconia as ceramic electrolyte) are usually working in a temperature range of 800 to 
1000
0
C for a reasonable efficiency (Steele and Heinzel 2001). The oxides generated in such 
conditions are difficult for conventional chemical and physical cleaning procedure. The high 
temperature material removal mechanism of EPP could have high potential in this application. 
Also, with mechanical impact during plasma discharge, EPP provides an effective way for oxide 
 98 
 
removal. Compare to other oxide cleaning method, EPP is environmentally benign and has much 
less impact (deformation and induced corrosion susceptibility) on the substrate. In order to study 
the cleaning capacity of electrolytic plasma process (EPP) in oxide removal application, the AISI 
type 304 stainless steel samples were prepared by high temperature oxidation at 800°C in air for 
1-100 hours. And the resultant surfaces were treated by EPP. EPP treatment time is in order of 
minutes, depending on the oxide material thickness and microstructures. 
5.2 Experimental of EPP on High Temperature Oxides Cleaning 
The chemical composition (wt%) of the AISI 304 stainless steel is the following, 0.064C, 
18.20Cr, 8.64 Ni, 1.45 Mn, <0.03S and Fe balance. The samples (16mm x 8mm x 3mm) were 
initially sectioned from the received AISI 304 plates. Initial polishing was conducted with 600 
grade SiC grinding paper to remove organic and oxide contamination. After polishing, all 
samples were cleaned in acetone. Then the initial mass and initial surface areas were measured 
for each sample. Samples were then divided into three groups and loaded into separate Al2O3 
crucibles for oxidation treatment in a furnace (Vulcan 3-550). Each group has 3 samples. 
Furnace temperature was raised to 800°C at 20°C/min. At each time point (1 hr, 50 hr, 100 hr), 
one crucible was taken out and cooled in air at room temperature (Figure 5.1). Then the weighing, 
XRD (Cu Kα, λ=0.154nm, Rigaku, MiniFlex), SEM (Jeol JSM-8404) and EDAX (Hitachi S-
3600N) was carried out. After oxidation, the samples were cleaned in NaHCO3 electrolyte 
(75g/L, electrical conductivity=43.1×10
-3
 S/cm) at a set voltage of 150Volt. The samples were 
cathodically connected, while the anode was a SS304 plate of larger size to ensure the onset of 
plasma on the sample surface. Detailed experimental configuration is the same as in 0. All EPP 
treated samples were rinsed in distilled water before the material characterization process was 
performed.  
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Figure 5.1: Photo images of SS 304 samples in crucible after 100 hour oxidation at 800
o
C 
(left); and EPP treatment in progress (right) 
5.3 Results and Discussion on the EPP Cleaning of High Temperature Oxides 
The images of stainless steel after high temperature oxidation in furnace and consecutive 
EPP treatment are shown in Figure 5.2. It could be observed that long term oxidation induces 
significant oxides on surfaces. With EPP cleaning, the surficial dark materials are removed and 
much brighter surfaces are observed. Mass gain due to oxidation process is listed in Figure 5.3. 
Mass gain (|Δm|/A) behavior for oxidation at 800°C in air has a parabolic tendency (high R2 
value indicates good curve fitting). Similar results were reported by oxidation studies on SS304 
material  (Botella, Merino, and Otero 1998),  (Perez et al. 2000), (Issartel et al. 2004a). After 
oxidation, EPP was used to clean the samples under a fixed voltage of 150V for 5 minutes. The 
EPP cleaned samples have a similar parabolic behavior when the mass change data are 
superimposed onto the corresponding oxidation weight gain curve.  The close match of the 
absolute values of mass change of oxidation and EPP groups indicates that the oxide layers were 
effectively removed by EPP (150V 5mins) with only slight harm on substrate or little residual 
oxides.  
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Figure 5.2: Photos of SS304 after oxidation with and without EPP 
 
Figure 5.3: Mass change of SS 304 after oxidation with different time and EPP cleaning of 
corresponding samples for 5 minutes 
The XRD patterns of oxidized and EPP cleaned surfaces are shown in Figure 5.4. With 1 
hour oxidation, the original SS304 peaks remain. The austenite (γ) phase is observed and 
martensite (α’) has not been completely annealed (Figure 5.4 (pattern a)). Traces of Cr2O3 (phase 
C in the graph) are also observed with 1 hour oxidation, which is the major corrosion resistant 
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phase. The existence of Cr2O3 would effectively stop the reduction of Fe
2+
 ion (FeO, wustite), 
which is formed on the immediate surface of substrate and covered by scale. With 50 hours’ 
oxidation (Figure 5.4 (pattern b)), the chromite (FeCr2O4, phase A) and hematite (Fe2O3, phase F) 
becomes the dominant products on the sample surface. Austenite (γ) phase is still visible but has 
a very much reduced intensity, due to the coverage of top oxide scales. The protective Cr2O3 
layer is consumed gradually by Fe
2+
 supply from substrate-scale interface, according to equation 
(5.1). The chromite and hematite are not as protective as Cr2O3, hence the oxidation kinetics 
could be different once chromium is depleted near surface region (Perez et al. 2000). The 100 
hour oxidation XRD pattern has similar peaks as the 50 hour case. 
          
                 (5.1) 
 Figure 5.5(pattern a) shows that after EPP cleaning (150 V, 5min), surface of the 1-hour-
sample remains SS304 characteristic pattern with no Cr2O3 phase and slightly attenuated 
martensite peak, which indicates that EPP could remove surface oxides and provide annealing on 
the surface layer. The surface XRD patterns for 50hr+EPP and 100hr+EPP groups are very 
similar. Comparing to the relevant patterns of the oxidized samples (Figure 5.4(b, c)), the SS304 
characteristic peaks (γ and α’) retrieved. The increase of martensite peaks in Figure 5.5(b, c) is 
due to the formation of martensite during fast air cooling. There are still oxides remaining on 
EPP treated surface, but hematite (Fe2O3) is replaced by magnetite (Fe3O4 or FeO∙Fe2O3, phase 
E). Since the target metal serves as a cathode in this experiment, reduction reaction and plasma 
discharge could remove most of Fe2O3 top layer. Also, the relative intensities of the 
corresponding chromite and magnetite phases are very much reduced, comparing to the ones in 
Figure 5.4. 
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Figure 5.4: X-ray diffraction patterns of oxidized SS304 surface at 800°C in air for 
different times 
  
Figure 5.5: X-ray diffraction patterns of EPP cleaned SS304 surfaces with different 
oxidation time  
The selected surface features of oxidized and EPP cleaned samples are shown in Figure 5.6. 
Images on left side (Figure 5.6 (a, c, e)) are the oxidized surfaces. Nano-sized oxide grows on 
SS304 surface subject to 1 hour oxidation at 800°C (Figure 5.6 (a)). With the increasing of 
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oxidation time, larger oxides form and grow into agglomerate (Figure 5.6 (c, e)). Exfoliation 
occurs due to mismatch of expansion during cooling and leads to many cracks and blocks of 
oxides in the final images. EPP cleaned surface morphologies are shown on the right column 
(Figure 5.6 (b, d, f)).  
 
 
 
Figure 5.6: Polished SS304 (left) and EPP treated (right), oxidized at 800
o
C for 1hr (a,b), 
50hr (c,d), 100hr (e,f) 
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 Special patterns of cleaned surface are due to the melting and rapid quenching of top 
surface materials during plasma discharge (Gupta et al. 2007). The size of micro fingers and 
spheroids depends on the initial surface feature. With 1 hour oxidation, the surface oxides are 
much smaller (100-500nm) than the characteristic structure size of the block (2-5μm) on the 50hr 
and 100hr surfaces. Hence, the EPP treated feature has large size on 50hr and 100hr samples. 
The effectiveness of EPP cleaning could the verified by examining the change of chemical 
element on the surfaces under different treatment. The chemical analysis results from EDAX are 
listed in Table 5.1. The high Cr content on 1hr oxidation sample indicates that the oxide layer 
contains mostly Cr2O3. After EPP treatment, the chemical composition is very similar to the 
original SS304 composition (18Cr-8Ni-1.45Mn).  Hence, with short time of oxidation, surface 
oxide layer is successfully removed by EPP. 50hr oxidation result shows Cr content is still 
highest and there is a significant rise in O. This implies the dominant content is FeCr2O4. Also, 
Fe2O3 is present according to the atomic ratio. EPP treatment on 50hr sample reduced O content 
by half, while Cr and Fe remain at same level. This means the highest O containing content 
(FeCr2O4) is reduced by EPP and the Fe3O4 could be expected according to the atomic ratio. 
Similar process occurs on 100hr group. Fe content on oxidized surface is higher than Cr, which 
implies Fe2O3 become dominant phase rather than FeCr2O4 after 100hr oxidation. The EPP 
treated surface for 100 hr sample is almost the same as the 50 hr sample. The EDAX data are in 
good agreement with the XRD data (Figure 5.4 and Figure 5.5) 
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Table 5.1: EDAX result: elemental atomic percentage on SS 304 surfaces under different 
treatment 
 O (%) Cr 
(%) 
Fe (%) Ni (%) Mn (%) 
1hr oxidized 18.65 45.82 27.56 3.47 4.49 
1hr ox.+EPP 2.80 17.53 69.68 8.66 1.34 
50hr oxidized 32.2 39.96 23.62 1.70 2.53 
50hr ox.+EPP 17.81 45.89 27.82 6.86 3.61 
100hr oxidized 21.90 30.24 44.39 1.55 1.92 
100hr ox.+EPP 15.81 45.99 28.35 5.93 3.93 
Table 5.2: EDAX result: elemental atomic percentage of EPP cleaned micro features, SS 304 
 O (%) Cr (%) Fe (%) Ni (%) Mn (%) 
Figure 5.7(a) 1hr (ridge)  4.12 39.46 46.30 7.21 2.91 
Figure 5.7 (a) 1hr (valley)  2.17 17.67 70.40 8.23 1.53 
Figure 5.7 (b) 50hr (spheroid)  1.85 6.82 80.07 10.89 0.37 
Figure 5.7 (b) 50hr (valley) 21.46 42.97 28.97 3.11 3.49 
Figure 5.7 (c) 100hr (spheroid) 5.21 25.81 32.10 35.34 1.54 
Figure 5.7 (c) 100hr (Valley) 21.39 33.96 38.22 3.98 2.44 
The chemical composition of the micro features on EPP treated samples were examined 
with SEM and EDAX. Backscattered images (Figure 5.7) were taken on carbon coated surfaces. 
Intensity (or brightness on the image) indicates the different density of materials. White color is 
associated with metal elements and dark and gray spots are mostly oxides. Thus, the protruded 
micro features (ridges and spheroids) are mostly metallic contents and the valleys or bases are 
mostly covered by oxides.  EDAX results taken on those small features are tabulated to confirm 
the observation (Table 5.2). The 1hr sample is dissimilar with the other two. On the ridges, the 
Cr content is high compare to the valley case. And oxygen content double on ridge. Thus, in the 
case of short oxidation time, EPP treatment would create chromium oxides on ridge features. On 
the other hand, the valley composition is very close to the averaged values in Table 5.1.  In 
general, 50 hr and 100 hr are very similar cases. The spheroids are mainly metallic alloy, which 
is quenched from molten droplets of surface material during plasma discharge. The materials on 
valleys are mainly oxides. 
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Figure 5.7: Backscattered SEM image of EPP cleaned SS 304 surfaces (a) 1hour; (b) 
50hours; (c) 100 hour 
In summary, the mass change before and after the cleaning process implies the effective 
removal of oxide layer. From XRD and EDAX results, the EPP is sufficient to clean the surface 
with very short oxidation period. On samples with long oxidation period, the oxide content still 
remains near surface. Longer EPP treatment time (>5 minutes) needs to be applied and studied to 
enhance the cleaning effect. The surface micro features after EPP are similar in shape but its size 
is dependent on initial surface features. Detailed micro feature study indicates the major micro 
structures (spheroids) are the resultants from plasma discharge.  
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CHAPTER 6. HIGH TEMPERATURE OXIDATION OF EPP 
TREATED STAINLESS STEEL 304 
6.1 Introduction to High Temperature Applications 
High temperature materials have become a very important part and representation of the 
advancement in modern material science. The major driving force is the advancement and 
demand in high temperature applications (i.e., operating temperature greater than 500
o
C), 
including gas turbine, unclear power generator, solid oxide fuel cells, etc. In these high 
temperature operations, Ni-based alloys are commonly used because of its good strength and 
chemical stability. But such high strength and tough materials are very expensive and difficult 
for machining. Many researchers have dedicated to improve the high temperature oxidation 
resistance of stainless steel material (Riffard et al. 2002a), (Riffard et al. 2002b), (Perez et al. 
2002), (Riffard et al. 2003), (Issartel et al. 2004a), (Issartel et al. 2004b), (Feng et al. 2006), by 
introducing foreign elements into top layers. Surface grain refinement was proved to insist the 
diffusion of chromium and continuous form oxidation resistant chromium oxides (Lin, Chang, 
and Tsai 2004), (Raceanu et al. 2013), although it was found that at the initial stage of oxidation, 
cold work on surface actually facilitates the oxidation on grain boundaries (Lozano-Perez et al. 
2012). As shown previously, EPP-treated surface has refined top layer and surface are impinged 
by shock waves of plasma, thus compressive stress is induced near surface layer. In this chapter, 
these special properties of EPP-treated stainless steel samples are tested at high temperatures. 
And the improvement and its mechanisms are discussed. 
 Initial oxidation reactions occur on the surface of metal and form metal oxides. The result 
of growth in oxide layer thickness indicates a thermodynamic driving force for such reactions, 
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which could be stated as that the energy released (or entropy created) through the oxidation 
reactions brings the material system into a more stable state (lower energy level). The early 
mechanistic approaches of oxidation observed that the availability of reactant species is provided 
by atomic bulk diffusion process through oxide film (Pilling and Bedworth 1923), (Fromhold 
1963). The further growth of oxide film at its initial stage (very thin film) requires continuous 
reaction and continuous supply of metal elements, whereupon, the metal species diffuse through 
oxide layer towards the oxide/gas interface. The reaction rate at interface is much faster compare 
to the diffusion rate. Thus, it is a diffusion controlled process and the increase of oxide thickness 
could be estimated by a diffusion equation, i.e. Fick’s law, Equation (6.1). It is natural that the 
chemical reactions consume the metal element on the oxide/gas boundary. This generates a 
concentration gradient, which drives the diffusion in a kinetics sense. The film growth rate (dL/dt) 
depends on the arriving reacting species on the oxide/gas boundary, i.e. the flux J of metal 
species. 
    
  
  
 (6.1) 
  
  
    (6.2) 
Where, J is the diffusion flux or current of metal species. D is diffusion coefficient. C is the 
concentration of the metal species. x(L) is the distance from metal/oxide interface, L is the 
thickness of oxide layer. A is a constant consisting of integral constant terms with given 
boundary conditions. 
Assume a constant D and the known concentration at the boundaries C(x=0) and C(x=L). 
Equation (6.1) can be integrated and J is expressed in terms of constant D and concentrations. It 
can be combined with Equation (6.2) and a general solution (6.3) to this problem suggests that 
 109 
 
the thickness of oxide film (L) at initial stage has a proportional relationship with square root of 
time, providing that diffusion is the major mechanism. 
         [             ]        √   [             ]  √  
(6.3) 
This is referred as the parabolic growth law. The expression could be modified if other 
mechanisms are introduced into the model, for example electric field across oxide could render 
or favor the oxidation reaction  (Fromhold 1976).  
Recent studies (Pan et al. 1998), (Perez et al. 2001), (Sabioni et al. 2012) on stainless steels 
suggest a general structure of oxide scale as it develops with time.  A dense chromium oxide 
(Cr2O3) layer forms initially, which is considered as the major oxidation resisting mechanism. 
With depletion of Cr near top oxide layer, oxygen diffuses rapidly through and forms porous top 
layer Cr rich spinels (FeCr2O4, MnCr2O4, Mn1.5Cr1.5O4, etc.) and a dense inner layer with Fe rich 
oxides, but it is not as protective as the Cr rich oxides. With prolonged exposure, impact of 
material mismatch (thermal expansion coefficient) and volumetric change (due to growth of 
oxides) lead to significant strain build-up and spallation follows. This is generally catastrophic 
and oxidation rate increases very quickly after spallation of protective surface layer. 
6.2 Experiment of Oxidation Resistance with EPP Pretreatment 
The commercial 304 type stainless steel with chemical composition (wt% 0.064C, 18.20Cr, 
8.64 Ni, 1.45 Mn, <0.03S and Fe balance) is used in this study. 3mm-thick 304 steel plates were 
sectioned into 20 mmx10 mmx3 mm coupons and then all the samples were subject to sand 
paper polishing. The surfaces were polished up to 240 grit level. Half of the samples were pre-
treated by electrolytic plasma process. The electrolytic plasma process (EPP) is set up according 
to the immersion configuration (see details in chapter 3). Samples were immersed in the 
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electrolyte and 1 minute preheating at 100 Volt was followed by a direct ramp up to 150 Volt. 
This voltage was kept for 15 minutes. All the samples were then thoroughly rinsed in distilled 
water and followed by ultrasonic clean in ethyl alcohol for 5 minutes. In this study, both 
isothermal and cyclic oxidations were investigated. The previous literatures usually refer the 
temperature range above 750
o
C to 800
o
C as high temperature oxidation, thus in this study three 
temperatures (850
o
C, 950
o
C and 1050
o
C) were initially applied for isothermal test in box furnace. 
It was found that at 950
o
C the EPP has the most significant impact, i.e. EPP treatment leads to 
the most significant oxidation resistance improvement. Then detailed tests were applied on 
SS304 samples at 950
o
C. In each isothermal analysis (in box furnace), the samples were divided 
into groups with different oxidation time periods. Each group contains 6 samples (3 as polished 
(AP) and 3 EPP-treated). Then the samples were placed into a preheated box furnace (950
o
C) for 
up to 100 hours. After the oxidation, the samples were taken out directed to cool in air. As soon 
as the sample taken out from furnace, steel meshes are used to cover each crucible, since the 
scale spallation occurs as temperature drops. The initial and final mass (include fallen scales) of 
each coupon were recorded. Surface XRD history is also collected for as polished and EPP-
treated samples. Also, surface and cross section of different groups are examined by SEM is used 
to characterize the oxidation mechanisms. Also, a group of samples were prepared for a 
thermogravimetry analysis (TGA), which allows the in-situ measurement of weight change.  As 
for cyclic oxidation, a group of 6 samples (3 for AP and 3 for EPP treatment) were delivered to a 
preheated furnace (950
o
C) for period of 24 hours and then cooled in furnace till room 
temperature. Samples were then taken out and examined for mass change. The samples were 
cleaned with a Nylon brush to remove the loose oxides before weighing on a digital scale 
(sensitivity = ±0.5mg) and then cycle repeated. 
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6.3 Results and Discussion on Improvement of Oxidation Resistance by EPP 
6.3.1 Initial isothermal oxidation in furnace 
The mass kinetics of EPP treated and original polished 304 stainless steel under different 
oxidation periods were plotted in Figure 6.1. Caution needs to be used as one studies the results 
collected in this case, since the mass kinetics in this case include high temperature oxidation and 
the final oxidation during air cooling.  During the final air cooling stage, dramatic stress build up 
on scales and spallation of protective scale leads to the exposure of new metal surface to the air 
and hence oxidation is accelerated in this stage. Thus, they are not used to extrapolate the 
oxidation parameters, as those in Equation (6.3). On the other hand, in real applications, such 
harsh conditions (rapid cooling) are always present. Hence, the integrity of protective scale is 
crucial to the oxidation performance in practical environments. 
In 850
o
C group, EPP treated group follows the same trend as the original material, which 
indicates the same oxidation mechanisms, but EPP treated surface shows slightly better 
performance (lower mass gain indicating lower oxidation rate). In general, both curves follow a 
parabolic growth in the initial stage, which implies the final oxidation during air cool is not 
significant and it further suggests the stress and thickness of oxide layer is with the fracture 
toughness limit of the double layer system. Up to a certain point (65 hour, as interpreted from 
Figure 6.1a), the increase in slope indicates the nonlinear increase of oxidation and also implies 
the apparent fracture of protective oxide layer. So a third order polynomial, with a very small 
third order coefficient, could provide a reasonable fit, since the third order effect is diminished at 
small time values. The advantage of EPP treated surface is very pronounced in 950
o
C group 
(Figure 6.1b). The mass gain of base material begins to depart from parabolic growth from 20 
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hour, while the EPP treated group follows the parabolic growth up to 65 hour, the fitting curves 
are shown for the first part. It is clearly that the mass gain of EPP treated surface is almost one 
order of magnitude smaller than the base material from 30 hour to 80 hour. From 80 hour, the 
mass gain of EPP samples catch up with original surfaces, which indicates the fracture of oxide 
layer on EPP treated surfaces initiate after 80 hours.  
 
Figure 6.1: Mass kinetics of isothermal oxidation in furnace followed by direct air cool 
At 1050
o
C, both groups yield very high rate of oxidation, which is not of practical interest. 
Although EPP treated group shows lower oxidation rate, the percentage of reduction in oxidation 
is not as much as the one in 950
o
C group. Thus, 950
o
C is selected to be the temperature for 
detailed oxidation analysis. 
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6.3.2 Isothermal mass kinetics of EPP treated SS304 at 950oC 
The weight changes (mg/cm2) under isothermal oxidation from TGA and from furnace 
followed by air cool are plotted (Figure 6.2). Since the furnace test is directly followed by air 
cool, significant thermally induced stress is experienced by the oxide scale layer during cooling 
and hence apparent spallation and further oxidation is observed. TGA is an in-situ measurement 
which avoids the external interference during cooling and handling. So the weight change in 
furnace test is much higher than TGA samples, especially after 20 hours, when the oxide scale is 
very thick. In both furnace and TGA groups, weight gain for EPP treated sample is higher than 
the as polished material (before 5 hours), it is confirmed with the recent report (Lozano-Perez et 
al. 2012) that fine grain leads to increased oxidation on grain boundaries. Fine grain was also 
observed on EPP-treated sample in previous chapters. But the weight gain of as polished base 
material catch up after that. For furnace test groups, it is very clear that without EPP treatment, 
the oxide scale start to break after 20 hours (see insertion of Figure 6.2). It implies that the 
sample after EPP treatment has better bonding strength than the ones without EPP. The TGA 
group results show the similar weight gain at 100hour, where EPP-treated sample catches up 
towards the end. It indicates that EPP treatment have limited effect over time. 
The photo images of the sample after 100 hour are shown in Figure 6.3. It was observed 
that no significant descale on EPP samples before 20 hours. This indicates that the thickness of 
oxide layer would allow the compliance of the stress gradient (tensile load on oxides) through 
thickness of oxide layer. After 20 hours, the base material start to have excessive oxide scale 
fallen off the surface and hence, dramatic increase of mass due to further oxidation is observed in 
Figure 6.2 (oven results). Apparent descale happens to EPP treated samples after 80 hours and it 
is clear that the cracked scales from EPP treated samples are much bigger in size. This implies 
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the oxide structure and growth mechanisms on EPP treated surface are different from original 
surfaces. 
 
Figure 6.2: Mass change of base and EPP-treated SS304 at 950
o
C, for 100 hours isothermal 
oxidation 
 
Figure 6.3: Photo images of samples as taken out from furnace. Fallen oxide scales are 
collected. 
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6.3.3 Surface Characterization on samples after High Temperature Oxidation 
Surface XRD patterns are used to identify the microstructure of surficial oxide in Figure 
6.4.  The major phase of the 304 stainless steel (Austenite) is marked with dark lines. Austenite 
phase has important portion initially (0 -10 hours). It was covered by oxides during long term 
oxidation. The austenite shows up again on 80 hour samples, since the oxide layer breaks and 
austenite phase is exposed. Blue lines are the intermediate phase of Fe-Cr-Ni system (with XRD 
PDF number 35-1375). This phase is different from Martensite phases and it disappears on the as 
polished material after 80 hours. It is very likely that it represents the intermetallic phase 
transformation near the surface layer and consumed by the oxidation over long time, thus the 
XRD pattern of base material after 80 hours oxidation only shows the austenite phase. 
Chromium oxides are the major phase in oxides, marked by number 1 on Figure 6.4. It prevails 
on all the samples after oxidation, except for the as polished 80 and 10 hour. It could be expected 
that the oxidation continuous and even accelerates after sample being taken out from furnace. 
The long time oxidation reaction depletes the near surface chromium and iron oxides become the 
major phase, which is not as protective as Cr2O3. Thus the weight has a significant increase. 
There are other important group of spinel type oxides could be identified. The peak angles for 
these spinel structured oxides appears very closely, thus the phases related to these phases are 
marked by number 2, in general. The identified oxide phase is summarized in Table 6.1. It is 
shown that the EPP treated samples has more variety of spinels and minor elements are promoted 
to form spinels, while the as polished surface spinel structures diminishes very fast. 
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Figure 6.4: Surface X-ray diffraction patterns on SS 304 samples in different period of 
950
o
C oxidation 
Table 6.1: List of identified oxide phase on oxidized sample surfaces 
Sample Phases 
As Polished 10hr Cr2O3, FeCr2O4 
As Polished 20hr Cr2O3, FeCr2O4, Fe3O4 
As Polished 50hr Cr2O3, Fe3O4, Mn3O4 
As Polished 80hr Fe3O4 
As Polished 100hr Fe3O4 
EPP150V15min 10hr Cr2O3, MnFe2O4,NiFe2O4, NiCr2O4 
EPP150V15min  20hr Cr2O3, FeCr2O4, Fe3O4 
EPP150V15min 50hr Cr2O3, FeCr2O4, Fe3O4 
EPP150V15min 80hr Cr2O3, FeCr2O4, Fe3O4 
EPP150V15min 100hr Cr2O3, FeCr2O4, Fe3O4, Fe2O3 
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Figure 6.5: SEM image (a) As polished +950
o
C 5hour; (b) EPP 150v15min +950
o
C 5hour; 
 (c) As polished +950
o
C 20hour; (d) EPP 150v15min +950
o
C 20hour 
The previous results indicate that the oxidation formation before 20 hours is very critical 
for the identification of different kinetics on base and EPP-treated samples. Thus, the surface 
micrograph for 5 and 20 hours were taken with SEM (Figure 6.5). It captures different shapes of 
oxide formation on base and EPP-treated surfaces. The spinel oxides are almost identical on the 
base material from 5 and 20 hours image. The insertion of image Figure 6.5(c) is showing the 
growth of new layer of spinel from small spherical shaped nuclei. The shape of the oxides on 
EPP-treated samples has different shapes (flaky) and smaller size. Figure 6.5 (d) shows that 
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smaller sized spinels formed around nodules, which are very like the spheroidal protrusion 
features after EPP. In order to manifest the detailed mechanism of overall improved oxidation 
resistance, a set of cross section SEM image were taken from EPP treated surfaces. 
 
Figure 6.6: SEM image of etched cross section of SS304 with EPP150V15min 
 Figure 6.6 are the images of etched cross sections of EPP treated surface. The surface was 
subject to etching treatment (with Keller etchant) in order to disclose all the boundaries. The top 
part is epoxy; the right image is the enlarged detail of the extruded feature. The concaved curve 
is very clearly shown and the extruded part is approximately 5 μm in planar dimension and 5-
10μm extended from surface. Such features are responsible for the nodule-like oxide formation 
on Figure 6.5b and d.  They provide the nucleation spots for the nodule-like oxides. Also, the 
nano-grained structures (as shown in Chapter 3) also contribute to the shape and size of these 
oxides. In this study, the discussion is limited to this microscopic level. The oxide growth with 
nano-grained substrate could be found in literatures (Lau and Lavernia 1999), (Wang et al. 2008).  
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Figure 6.7: SEM images of as polished and EPP cross section after 5 to 20 hours oxidation 
at 950
o
C 
Figure 6.7 shows the cross section of the surfaces after 5 and 20 hours of oxidation. A 
slightly large scale was used for EPP20 hour surface in order to capture the complete details. All 
samples were electrodeposited with a layer of copper, which is used to provide structural support 
of fragile oxide layer during mechanical polish. The images revealed the different structures of 
oxide layer on EPP treated and base material. Instead of a homogeneous dense oxide layer as 
shown on base material (Figure 6.7a), clear boundaries (or defects) in the middle of oxide layers 
are observed on EPP treated surfaces (Figure 6.7b and c). These defects would impair the 
oxidation resistance in the initial stage. Figure 6.2 implies that the mass gains of EPP groups in 
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the first 5 hours are higher than the base material. As the oxidation time and the thickness of the 
oxide layer increase these defects reflect less impact on the mass kinetics. On the other hand, 
especially in the furnace oxidation results (with final air cooling), these defects lead to enhanced 
integrity of oxide layer and hence the mass gain is reduced.  
  
Figure 6.8: Formation mechanism of imbedded defect in EPP treated surface after 
oxidation 
A schematic model could be used to illustrate the formation of the defect. The concave the 
surface guides the oxide growth inwards the center space. As the oxide converges, initial 
boundary forms due to the dissimilar orientation of the crystal. The oxides continuously develop 
along the defect, but do not merge. Hence, a defect though the oxide thickness grow with further 
oxidation. 
6.3.4 Cyclic behavior of EPP treated SS304 at 950oC 
For many high temperature operations, cyclic thermal loading is commonly applied. 
Thermal cycling is also used to test the integrity of the protective layer near surface. The mass 
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gain measured in cyclic thermal test is the total mass attached on the sample, i.e. fallen scales are 
removed before weighing. Due to the limitation of equipment and time, a period of 24 hours is 
used. All the mass change (in milligram) was calculated as the difference between the 
consecutive runs and it was normalized by the initial surface area (in cm
2
) of the samples. Thus, 
error exists in such normalization, since effective surface area certainly varies as the oxide grows 
and drops during the cycles. For such reasons, cycling was stopped as the EPP and base group 
converged. It is to make sure the relative errors in both groups are in the same order of 
magnitude for meaningful comparison study.  
 
Figure 6.9:  Cyclic mass kinetics of polished and EPP (150V15min) treated SS304 at 950
o
C  
The results were plotted in Figure 6.9 with error bars representing one standard deviations. 
Both curves decay with number of cycle, except that the first data of EPP curve is a positive 
value, which indicates gained mass due to oxidation and no fracture. For the first 4 cycles, base 
material has significant drop and the advantage of defect containing oxide layer of EPP treated 
surface is clear. After 5 cycles, the oxidation and descaling process tend to reach a steady level 
for the base material, while EPP curve start to show the fracture of scale. A possible reason is 
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that the EPP treated layer and the suggested oxide structure is no longer valid after 5 cycles. In 
general, from this result, it could be conclude that EPP treatment could effectively increase the 
structural integrity of the oxide layer by inducing defect in the oxide layer, but such mechanism 
only last for limited number of cycles.  
6.3.5 Finite element modeling of local stress at the metal-oxide interface 
After initial cycle starts, due to the explicit material property difference between the top 
ceramic layer and the metallic substrate, the top oxide layer forms a secondary phase on the top. 
Thus, stressing condition varies with thermal loading cycle. The simplified schematic illustration 
is presented in Figure 6.10.  
 
Figure 6.10: Stress loading condition during thermal cycles and cracking direction on oxide 
Stress elements were taken on the both side of the oxide/metal boundary. Due to the higher 
thermal expansion coefficient of metal, it (lower metal element) always experiences higher 
thermal strain then the oxide element. The interfacial compatibility constraint would lead to 
different stress condition in shear and normal directions. Thus, the oxide, which acquires low 
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fracture toughness, would crack first. It is illustrated that the oxide layer is under cyclic loading 
and the cracking initiation directions are different for cooling and heating with this given 
geometry. The real stress conditions could be more complicated, since Figure 6.10 only 
considered the volumetric change in horizontal direction. Thus, a finite element model was used 
to simulate the stress conditions during cooling process, when the most spallation occurs. 
In the following model, a cooling process was simulated as for the extreme case when 
samples were taken out of furnace directly. A small segment of 1mm x 1mm stainless steel 304 
with pre-grown oxide layer was simulated.  The geometries for dense oxide layer and defect 
containing oxide layer are shown in Figure 6.11. All models assume a 100μm thickness of Fe2O3 
oxide layer. A crack with 30
o
 from vertical line was introduced. To simply the modeling process, 
a constant temperature was applied on the top oxide layer. In another word, convection cooling is 
not included. The systems initiated from 950
o
C and 100 second of cooling process was simulated. 
The horizontal displacement was confined for two side and the bottom boundaries. In fact, this 
symmetric boundary condition is not necessarily true for the system with multi-layered structure 
under large horizontal strain. i.e. the stress constraint is not necessarily uniformly distributed 
along thickness, if a fast shrinking process is considered. Hence, a further simplification was 
made due to such boundary condition. Also, vertical displacement constraint was applied on 
bottom line.  
The second major error of modeling is due to the material properties change over a wide 
temperature range. The material properties used for thermal structural analysis is listed in Table 
6.2. The values were taken from literatures (Takeda et al. 2009), (Fan et al. 1989), (Graves et al. 
1991). Most of the material properties are temperature dependent and these values were coupled 
into simulation with a linear interpolation from the listed values. 
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Table 6.2: Material properties of FEA model 
Material Density 
(Kg/m
3
) 
Coeff. Thermal expansion 
 (10
-6
 1/K) 
Thermal conductivity 
(W/m/K) 
Young’s Moudulus 
(GPa) 
Fe2O3 5240 8-18 
(20-1000
o
C) 
15-4 
(20-1000
o
C) 
15-4 
(20-1000
o
C) 
SS304 7873 17-19 
(20-800
o
C) 
14-24 
(20-800
o
C) 
206-118 
(20-800
o
C) 
 
Figure 6.11: Meshed geometry of two configurations for oxide layers. With no defect (left) 
and with a 30
o
 defect (10μm crack) through oxide layer 
 
Figure 6.12: FEA Stresses results for the model without (left) and with (right) defect, in x 
and y directions on oxide-metal boundary and 10μm above the boundary 
The stress levels near the oxide-metal interface are of the most interest, since delamination 
and cracking would initiate near boundary. Although this model assumes elastic material 
behavior only, the local stresses could be a good indication of the possible initiation of crack. 
The principle stresses 10μm above the boundaries were taken from transient analysis results in 
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Figure 6.12. They indicate the essential trend of stress development with and without the 
presence of vertical defect.  
The results for the first configuration shows that the stress in x direction is compressive but 
there exists a tensile stress in y direction near boundary, which is the possible cause of 
delamination, although the magnitude is very small compare to  the stress level in x direction. 
And this vertical pulling stress increase with time, it is due to the accumulation of significant 
thermal-elastic strain over time. The value of this pulling stress decays towards the outer surface. 
For the case with artificial defect, all the stresses are compressive for the boundary and oxide 
layer. The existence of a small defect could effectively buffer the mismatch of the thermal strain 
difference near boundary. 
 In summary, the EPP treatment on stainless steel shows the most significant effect in the 
950
o
C temperature range. The micro-features lead to the formation of imbedded defects through 
oxide. It reduces the oxidation resistance in initial stage. As oxide grow thicker, the loss of 
corrosion resistance due to imbedded defects becomes less important compare to its 
enhancement in structural integrity. Such improvement is best demonstrated with cyclic loading. 
A simplified finite element model is used to demonstrate the stress altering effect by a small 
crack. Thus, the EPP improves the resistance of protective oxide layer and hence improves the 
further oxidation due to spallation during thermal cycle.  
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CHAPTER 7. WELDED JOINTS SURFACE TREATMENT WITH 
EPP 
Welded structures are very widely used in many engineering applications, from large 
structural members like bridges and ships to the connections on the integrated circuit boards. It 
provides the freedom for design and manufacturing engineers to form efficient systems. At the 
same time, the welded joints experience deterioration or even immediate cracking after welding 
operation. The quality of welded structure is mainly dependent on the design and execution of 
the welding. But post-weld-heat treatment (PWHT) is also critical for many applications. For 
example, high strength steel weldments are usually heat treated to reduce hydrogen and residual 
stress. Conventional PWHT include furnace treatment and local heat treatment with heating 
elements wrapped around weld joints. These conventional methods usually require long time and 
the bulk material are inevitably affected. In another word, the heat treatment for welded joints 
could lead to adverse effect on bulk material in terms of strength.  
In this chapter, the discussion focuses on the electrolytic plasma process (EPP) as a novel 
post-weld heat treatment method. EPP not only reforms the surface morphology, as suggested in 
previous chapters, it also provides heat treatment on metal surfaces. The electric nature of this 
method allows EPP to be applied very accurately (location and size) onto metallic surfaces, 
which could potentially avoid over aging problems on bulk materials. Also, Chapter 3 suggests 
EPP could induce micro-level compressive stress, which would increase the resistance against 
cracking. Several sets of experiments will be presented in the following sections to demonstrate 
the strength improvement of EPP treated weld joints. 
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7.1 Experiments on EPP treatment on Welded joints 
The materials for the preparation of steel weldments are ¼ inch (6.35 mm) commercial 
AISI 4140 steel plate (wt%: 0.38C, 0.75Mn, 0.2Si, 0.8Cr, 0.15Mo, 0.035P, 0.04S, Fe bal.) and 
1/8 inch diameter 4130 rod filler material (wt%: 0.3C, 0.5Mn, 0.2Si, 0.8Cr, 0.2Mo, 0.035P, 
0.04S, Fe bal.). 4140 steel plates were beveled with 45
o
 opening and left with 3mm root height. 
The weldments were prepared with tungsten inert gas (TIG) shield welding method. A Miller 
Diversion165 welding machine was used. The welding operation was performed manually with 
preset power of 120A and 12V, AC.  Argon gas (preset gauge pressure at 15 psi) was used as 
shield gas. The welding speed was approximately 1cm/sec. After welding, the ‘dog bone’ shaped 
samples were sectioned from weldments, according to ASTM standard of tensile testing (Figure 
7.1). The weld seams were located in the middle section (gauge length range) of the tensile 
testing samples. The EPP treatment was then applied on to the sectioned samples. The treatment 
was performed with EPP configuration shown in Figure 3.3(right). A snap shot photo of EPP 
treatment was presented in Figure 7.2.  The electrolyte was fed through the solution chamber. 
The bottom of the chamber was covered with a perforated stainless steel, which was connected to 
the positive terminal of power supply and electrolyte flew through the holes. A gap (~5mm) was 
retained between the chamber and the sample surface (connected to the negative terminal). As 
electrolyte flow through the perforated plate, capillary effect provide continuous electrical 
connection path and plasma was continuous confined at desired spots. EPP treatment was 
performed over the complete gauge length for the ‘dog-bone’ sample and EPP at 150V was 
applied for 5 min one each side of each sample.  The tensile tests were performed on an 810MTS 
machine (Max. dynamic load 100kN) with a loading rate of 1 mm/min. Three groups of 
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treatment type were selected for investigation, including base 4140 group, as welded group and 
EPP treated weldments group. In each group, 5 samples were tested.  
 
Figure 7.1: Sketch of sample collection from weldment. ‘dog-bone’ shaped sample(dashed 
line) and  weld seam (grey area) 
 
Figure 7.2: photo image of EPP treatment on 4140 steel welded sample and selected 
samples: as welded (top right) and EPP treated 4140 weldment (bottom right) 
7.2 Influence of EPP treatment on the axial mechanical strength of welded joints 
The typical tensile test results of 4140 steel samples were plotted in Figure 7.3. The as 
welded sample shows similar ultimate strength (~820MPa) compare to the base material 
(~845MPa), but the loss in toughness is very clear. The failure strain has almost 50% loss due to 
welding. The welding defects, microstructural change and presence of residual stress could 
contribute to such loss. Also, if 0.2% offset yield stress were taken, as welded sample (~750MPa) 
has a clear loss, comparing to the 0.2% offset yield stress of base material (~800MPa). All EPP 
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treated samples show a higher ultimate strength (~930MPa) and the 0.2% offset yield stress of 
EPP curve (~850MPa) has obvious increase as well, although the final strain remain at the same 
level as the as welded group. These results indicate that the selected EPP procedure (150V, 5min 
on each side) could effective improve the yielding stress of welded joints. But EPP treatment has 
limited working depth, thus the impact on toughness through the thickness is very limited. 
 
Figure 7.3: Typical  stress strain curve for as welded  
Residual stress and its property could alter the mechanical strength of the weldments. The 
high local cooling rate and material mismatch near fusion zone yield significant residual stress at 
after welding. A non-destructive ultrasonic method was used to estimate the residual stress near 
the weld joints. The governing mechanism for this testing method is according to the change of 
wave speed due to the local microstructure change with the presence of residual stress (Hughes 
and Kelly 1953), (Thompson, Liu, and Clark 1996). It could be manifested by equation (7.1) and 
(7.2). 
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(7.2) 
Where, v is the speed of ultrasonic wave pass through sample. v0 is speed of ultrasonic 
wave pass through base material without residual stress. σ is the overall residual stress through 
the measurement direction, subscript numbers denote the principle directions, based on the 
measurement orientation. K is the acousticoelastic constants in each direction. 
In general, the acoustic constants in minor directions are order of magnitude smaller than 
the principle direction. Thus Equation (7.2) is used. The v0 is taken from base 4140 material 
from initial calibration. K1 is -2.3e-6 MPa
-1
 (Tang and Bray 1996). The longitudinal residual 
stress can be measured through the width direction of samples and the width of each sample was 
measured with a caliber. Then the time of wave traveled through the sample was measured with 
an Olympus 38DL plus ultrasonic thickness gage. The average speed could be calculated based 
on these measurements. The measured v and v0 were substituted into Equation (7.2).  
 
Figure 7.4: Longitudinal residual stress across weld, estimated by ultrasonic wave speed 
theory 
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The estimated longitudinal residual stresses were plotted along the direction perpendicular 
to the welding direction (Figure 7.4).  On the welded sample, the highest residual stress near the 
middle of the weld is tensile. In heat affected zone, the stress level attenuate with a flat slope and 
then turn into compressive with a stiff slope outside of heat affected zone. The residual stress has 
very similar pattern on EPP treated sample. The absolute values of residual stress on EPP treated 
samples are constantly smaller in magnitude in each location. The most detrimental tensile stress 
(in the middle) was reduced about 20%. Thus, EPP provide effective annealing near the surface. 
In this short discussion, EPP was introduced as a heat treatment on welded joints. The 
mechanical strength of weldments was improved as shown by the uniaxial tensile test. 
Measurement of residual stress along the weld joints reveals one of the major reasons for the 
improvement. The tensile residual stress during welding was relieved by 20%. Also, the results 
show EPP has an overall annealing effect. The EPP treatment has limited affected depth, thus, 
the toughness of the sample in tensile test does not have significant recovery with EPP. 
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CONCLUSION AND FUTURE WORK 
This study provided the basic aspects of electrolytic plasma process in modern applications. 
The spark and discharge phenomena has amazed people from the beginning of our history and 
scientists have been studying these phenomena for decades. The major study and application of 
plasma and discharge are commonly confined in a low pressure environment. This electrolytic 
plasma is one of the few plasma related techniques, operating in atmospheric pressure and it also 
attracts industrial attention recently. It is desirable to explore the basic aspects and the feasibility 
of utilizing this phenomenon in different applications. 
This project reviewed the basic physics of plasma discharge in gaseous medium. Some 
simplified models from early study of discharge are useful to understand the micro-scale 
mechanism of discharge. Since the electrolytic plasma occurs on the electrode surface of a non-
conventional cell, some basic electrochemistry was reviewed to provide understanding of 
potential and charge distribution over the solution and the electrode. The electrolytic plasma 
discharge is negative polarized on target surface (cathodic plasma) and DC current is used. It is 
selected for the purpose of surface cleaning and modification. The author is also aware of the 
anodic type of plasma discharge, which is commonly used for coating and oxidation. And AC 
current is used for these purposes. 
The critical condition of plasma discharge is the formation of a quasi-stable gas film, which 
serves as a capacitive barrier. Two most important gas formation mechanisms were reviewed. In 
early studies, arguments exist that the dominant gas yielding mechanism would be either local 
joule heating or the electrochemical yield.  
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Substantial electric field forms across the film locally, which leads to an abnormal 
excessive passage of ionized species. Its thermic effect would further induce the ionization 
surround it. The thermal effect associated with discharge has significant local impact on the 
electrode surface. The local temperature is high enough to melt the metallic substrate. Due to the 
fact that such discharge requires constant supply of high energy particles, discharge could not 
sustain itself. The high energy particle was initially supplied by the electrode due to the intensive 
electric field. As the discharge proceeds, the accumulated charges are neutralized and the local 
electric field drops very quickly. Individual discharge could only sustain a few micro seconds. 
Hence, discharge occurs on surfaces discretely on the locations where the highest electric field 
forms. The discharge also very quickly heats up the local gas film, which leads to a shock wave 
(Yerokhin et al. 1999). As the discharge vanishes, the gas film collapses as well with another 
inward shock wave (implosion, as suggested in Yerokhin’s paper). These dramatic agitations of 
the gas layer have strong mechanical impact on the molten metal and cause the molten metal 
being splashed or flicked up like a rebounded droplet from a stationary liquid surface. Also, the 
agitation leads to the breakage of quasi-stable gas film. This brings the direct contact of cold 
solution with the molten metal. Consequently, solidification of metal happens and freezes the 
metal droplet. The micro-features and microstructural change on metal surface are subject to 
these rapid melting and quenching process.  
The micro features were studied with scanning electron microscope (SEM) and it was 
found that the shape and size have close relationship with the material properties. Certain surface 
micro morphology (the ones on steel surfaces) could effectively change the wettability of the 
surface. The repetitive thermal cycles on the metal surface also create a nano-crystallized layer 
on surface. The surfaces crystalline were studied by X-ray diffraction and focused ion beam 
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SEM method. Compressive residual stress was found on EPP treated steel surfaces. Experiments 
and models were used to justify the operation parameters in terms of heat transfer and electric 
field. It could be critical aspects for application, especially the EPP impact is material dependent. 
Having acquired the general response on the metal surface after EPP treatment, a few 
topics were presented to explore the possible applications of EPP. Nowadays, the environmental 
issues were emphasized in all industrial practice. It was intended to apply EPP into the 
applications that potentially involving environmentally hazardous materials. For example, 
coating and cleaning on metals are widely used to fulfill the practical purposed in harsh 
environments. Strong acidic/alkaline and chromium/nickel containing solutions were commonly 
used for these applications. This dissertation presents the experimental studies of EPP treated 
metals in aqueous corrosion behavior, effectiveness of cleaning oxides and high temperature 
oxidation. Lastly, EPP was introduced on weldments as a post weld heat treatment. 
The aqueous corrosion analysis were performed on three common structural materials, 
including 1018 low carbon steel, 304 stainless steel and 6061 aluminum alloy. The results 
indicate that the surface features after EPP has a direct relationship to the corrosion performance 
and they are material dependent. EPP treated steel surfaces have finger-like features, which was 
shown to improve the hydrophobicity and it has positive influence on corrosion, while the 
adverse behavior was discovered on aluminum samples due to the fact that the hydrophobic 
mechanism is not valid and the chemical redistribution lead to the local galvanic effect, which 
enhances the localized corrosion. 
The oxidized stainless steel 304 was cleaned with EPP and effectiveness was confirmed in 
terms of mass change and surface phase and chemical characterization. EPP with the presented 
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operating condition was found to have limited impact near the surface. i.e. for thicker oxide layer, 
EPP  operating parameters should be modified to have good cleaning efficiency. 
In the study of high temperature oxidation behavior of EPP treated surfaces, it was found 
that EPP treatment has the most significant impact on the stainless steel at the temperature range 
of 950
o
C. Instead of the overall oxidation resistance under isothermal condition, EPP treated 
surface has the most impact on the formation of a more stable protective layer, which prevents 
spallation under high heating/cooling rate. It was shown by the cyclic thermal tests. The defect 
containing oxide layer is very effective in the initial cycles. But such mechanism loses its 
efficacy with high thermal cycles. 
 The last chapter is short report on the performance of EPP as post weld heat treatment on 
4140/4130 TIG weldments. The ultimate strength and 0.2% off set yield stress were improved by 
EPP treatment and it was found to have close relationship with the annealing effect and residual 
stress relief of EPP treatment. 
By reviewing the resultant surface after EPP and their performance in different application, 
it could be concluded that EPP has a good potential to fulfill different types of industrial 
applications.  Due to the limitation of time and resource, the results of these reported 
experiments and practice have large room to improve.  Future work is called in many aspects 
including the fundamental understanding and practical issues. A list of these areas is presented in 
the following.  
1. Detailed observation of plasma and modeling of individual discharge phenomenon 
2. Positioning of plasma discharge. As demonstrated in chapter 3, EPP could be a very 
powerful and cost effective micro-fabrication tool.  Considering the electric nature of this 
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phenomenon, effort should be focused on the control of discharge location and its intensity for 
more disciplined surface patterns. 
3. Micro-size treatment by controlling the bubble in capillary tube. The size of plasma 
discharge allows it to process micro size samples. It was found in some studies discharge was 
confined in capillary tube. 
4. Development feasibility of introducing EPP on non-electrical conductive material 
surfaces. It is a challenge to re-distribute over the space, but it could be possible to introduce 
plasma very close to these non-electrical conductive surfaces. 
 
 
 
 
 
 
 137 
 
REFERENCES 
1. Abdallah, M, E A. Helal, and A S. Fouda. 2006. “Aminopyrimidine derivatives as 
inhibitors for corrosion of 1018 carbon steel in nitric acid solution.” Corrosion Science 
48:1639-1654. 
2. Abdolahi, B, H R. Shahverdi, M J. Torkamany, and M Emami. 2011. “Improvement of 
the corrosion behavior of low carbon steel by laser surface alloying.” Applied Surface Science 
257:9921-9924. 
3. Aliev, M K. and A Sabour. 2007. “Pulsed nanocrystalline plasma electrolytic boriding as 
a novel method for corrosion protection of CP-Ti (part 1: Different frequency and duty cycle).” 
Bulletin of Materials Science 30(6):601-605. 
4. Aliev, M K., A Sabour, and T Shahrabi. 2008. “Study of Corrosion Protection of 
Different Stainless Steels by Nanocrystalline Plasma Electrolysis.” Protection of Metals 
44(4):402-407. 
5. Aliev, M K., A Sabour, and P Taher. 2008. “Corrosion Protection Study of 
Nanocrystalline Plasma-Electrolytic Carbonitriding Process for CP-Ti.” Protection of Metals 
44(6):618-623. 
6. Aliofkhazraei , M, A S. Rouhaghdam, and H Hassannejad. 2009. “Effect of electrolyte 
temperature on the nano-carbonitride layer fabricated by surface nanocrystallization and plasma 
treatment on a gamma-TiAl alloy.” Rare Metals 28(5):454. 
7. Aliofkhazraei, M, A S. Rouhaghdam, and M Sabouri. 2008. “Effect of frequency and 
duty cycle on corrosion behavior of pulsed nanocrystalline plasma electrolytic cabonitrided CP-
Ti.” Journal of Materials Science 43:1624-1629. 
8. Aliofkhazraei, M, P Taheri, A S. Rouhaghdam, and C Dehghani. 2007. “Study on 
Nanocrystalline Plasma Electrolytic Carbonitridation for CP-Ti.” Materials Science, 43(6):791-
799. 
9. “ASM Handbooks Online.” 2008. Retrieved Aug 01, 2008 
(http://products.asminternational.org/hbk/index.jsp). 
10. Azumi, K, T Mizuno, T Akimotot, and T Ohmori. 1999. “Light emission from Pt during 
high-voltage cathodic polarisation.” Journal of the Electrochemical Society 146:3374-3377. 
11. Bardos, L and H Barankova. 2009. “Plasma processes at atmospheric and low pressures.” 
Vacuum 83:522-527. 
12. Bayati , M R., R Molaei, and K Janghorban. 2010. “Surface Modification of AISI 1045 
carbon steel by the Electrolytic Plasma Process.” Metallugic and Materials Transcations A 
41A:906. 
13. Bazelyan, E M. and Y P. Raizer. 1998. Spark Discharge. New York: CRC Press. 
14. Beck, J V., B Blackwell, and C R. J. St Clair. 1985. Inverse Heat Conduction ill-posed 
problems. New York: John Wiley& Sons. 
 138 
 
15. Becker, K H. 2010. “The use of nonthermal plasma in environmental applications.” P. 
367 in Introduction to Complex plasmas, edited by Bonitz M et al. Berlin: Springer. 
16. Beck, U, R Lange, and H G. Neumann. 2008. “Micro and nano textured surfaces on Ti-
Implants made by various methods.” Materials Science 2:725. 
17. Biance, AL, C Clanet, and D Quere. 2003. “Leidenfrost drops.” Physics of Fluids 
15(6):1632. 
18. Biswas, J C. and V Mitra. 1979. “High-Frequency Breakdown and Paschen Law.” 
Applied Physics 19:377-381. 
19. Blawert, C, V Heitmann, W Dietzel, and H M. Nykyforchyn. 2005. “Influence of 
process parameters on the corrosion properties of electrolytic conversion plasma coated 
magnesium alloys.” Surface & Coatings Technology 200(1-4):68-72. 
20. Bonastre J, Garces P. H. F. Q. C. A. L. C. F., J Bonastre, P Garces, F Huerta, C Quijada, 
L G. Andion , and F Cases. 2006. “Electrochemical study of polypyrrole/PW12O40 coatings on 
carbon steel electrodes as protection against corrosion in chlorides aqueous solutions.” 
Corrosion Science 48:1122-1136. 
21. Bormashenko, E, Y Bormashenko, G Whyman, R Pogreb, and O Stanevsky. 2006. 
“Micrometrically scaled textured metallic hydrophobic interfaces validate the Cassie-Baxter 
wetting hypothesis.” Journal of Colloid and Interface Science 302:308-311. 
22. Botella, j, c Merino, and E Otero. 1998. “A comparison of the High-Temperature 
Oxidation of 17Cr-2Ni and 18Cr-8Ni Austenitic Stainless steel at 973K.” Oxidation of Metals 
49(314):297-324. 
23. Braithwaite, N s. J. 2000. “Introduction to gas discharges.” Plasma Sources Science and 
Technology 9:517-527. 
24. Brewer, A K. 1937. “Chemical Action in the Glow Discharge. XV. Reactions Preceding 
Ignition.” Chemical Reviews 21(2):213-219. 
25. Cavuslu, F and M Usta. 2011. “Kinetics and mechanical study of plasma electrolytic 
carburizing for pure iron.” Applied Surface Science 257:4014-4020. 
26. Cheng, Y H., P Gupta, and E I. Meletis. 2010. “Surface characteristics of 4340 steel 
treated by electrolytic plasma processing.” Journal of Material Science 45:562-565. 
27. Cionea, Cristian. 2010. “Microstructural Evolution of Surface Layers During 
Electrolytic Plasma Processing.” PhD Dissertation, Mechanical Engineering, University of 
Texas, Arlington. 
28. Cullity, B D. and S R. Stock. 2001. Elements fo X-Ray Diffraction. 3rd ed. Upper Saddle 
River, New Jersey: Prentice Hall. 
29. de Gennes, P G., F Brochard-Wyart, and D Quere. 2003. Capillarity and Wetting 
Phenomena. Berlin: Springer. 
30. Depenyou, F, A Doubla, S Laminsi, D Moussa, J L. Brisset, and J M. LeBreton. 2008. 
“Corrosion resistance of AISI 1018 carbon steel in NaCl solution by plasma-chemical formation 
of a barrier layer.” Corrosion Science 50:1422-1432. 
 139 
 
31. Dobrynin, D, G Fridman, G Friedman, and A Fridman. 2009. “Physical and biological 
mechanisms of direct plasma interaction with living tissue.” New Journal of Physics 11:115020. 
32. Dunleavy, C S., J A. Curran, and T W. Clyne. 2011. “Plasma electrolytic oxidation of 
aluminium networks to form a metal-cored ceramic composite hybrid material.” Composites 
Science and Technology 71:908-915. 
33. Edwards, G A., K Stiller, G L. Dunlop, and M J. Couper. 1998. “The Precipitation 
Sequence In Al-Mg-Si Alloys.” Acta Metallurgica 46(11):3893-3904. 
34. El-Haddad, R and R Wuthrich. 2010. “A mechanistic model of the gas film dynamics 
during the electrochemical discharge phenomenon.” Journal applied electrochemistry 40:1853-
1858. 
35. El-Menshawy, K, A A. El-Sayed, M E. El-Bedawy, H A. Ahmed, and S M. El-Raghy. 
2012. “Effect of aging time at low aging temperatures on the corrosion of aluminum alloy 6061.” 
Corrosion Science 54:167-173. 
36. Ergun, M and A Y. Turan. 1991. “Pitting potential and protection potential of carbon 
steel for chloride ion and the effectiveness of different inhibiting anions.” Corrosion Science 
32(10):1137-1142. 
37. Fan, H T., C H. Shen, Y Liu, and J Wang. 1989. “Measurements of the Thermal 
Expansion Coefficient of 1Cr18Ni9Ti Stainless steel with a Laser Scanning Microdisplacement 
Detection Technique.” International Journal of Thermophysics 10(5):1085-1092. 
38. Feng, C, M Li, L Xin, S Zhu, and F Wang. 2006. “Mechanical Properties and Oxidation 
behavior of a Graded(Ti,Al)N Coating Deposited by Arc-Ion Plating.” Oxidation of Metals 
65(5-6):307-327. 
39. Fromhold, A T. 1963. “Space Charge in Growing Oxide Films.” Journal of Chemical 
Physics 38:282. 
40. Fromhold, A T. J. 1976. “Theory of Metal Oxidation.” in Fundamentals, vol. 1, Defects 
in Crystalline Solids, edited by S Amelinckx, R Gevers, and Nihoul J. New York: North-
Holland. 
41. Gabriell, C, F Huet, M Keddam, A Macias, and A Sahar. 1989. “Potential drops due to 
an attached bubble on a gas-evolving electrode.” Jounral of Applied Electrochemistry 19:617-
629. 
42. Gabrielli, C, F Huet, M Keddam, and A Sahar. 1989. “Invesitigation of water 
electrolysis by spectral analysis. I Influence of the current density.” Journal of applied 
electrochemistry 19:683-693. 
43. Garamoon, A A., A Samir, F F. Elakshar, and E F. Kotp. 2003. “Electrical 
characteristics of a DC glow discharge.” Plasma Sources Science and Technology 12:417-420. 
44. Gasin, F A. and E E. Son. 2005. “Vapor-air discharges between Electrolytic Cathode 
and Metal anode at Atmospheric Pressure.” High Temperature (translated from Russian) 
43(1):1-7. 
45. Gerasimov, M V. 2007. “Comparative analysis of methods for ion-plasma sputter 
deposition and micro-arc oxidation.” Metallurgist 51(11-12):677-680. 
 140 
 
46. Golosnoy, D I., J Curran, and T Clyne. 2009. “Characterization of discharge events 
during plasma electrolytic oxidation.” Surface Coatings and Technology 203:3410-9. 
47. Graham, W F. and K R. Stalder. 2011. “Plasmas in liquids and some of their 
applications in nanoscience.” Journal of Physics D: Applied Physics 44:174037. 
48. Graves, R S., T G. Kollie, D L. McElroy, and K E. Gilchrist. 1991. “The Thermal 
Conductivity of AISI 304L Stainless Steel.” International Journal of Thermophysics 12(2):409-
415. 
49. Greer, AL. 1991. “Grain refinement in rapidly solidified alloys.” Materials Science and 
Engieering A 133:16-21. 
50. Gubkin, J. 1887. Ann. Physik 32(3):114. 
51. Guilpin, C and J Carbaz-Oliver. 1977. “Analyse de la lumiere emise aux electrodes 
pendant les effets d'electrodes, dans des solution aqueuses d'electrolyte.” Spectrochimca Acta 
32B:155. 
52. Guo, Z, W Liu, and B Su. 2011. “Superhydrophobic surfaces: From natural to 
biomimetic to functional.” Journal of Colloid and Interface Science 353:335-355. 
53. Gupta, P, G Tenhundfeld, E Daigle, and D Ryabkov. 2007. “Electrolytic plasma 
technology: Science and engineering – An overview.” Surface and Coatings Technology 
201:8746-8760. 
54. Gupta, P, G Tenhundfeld, E O. Daigle, and P J. Schilling. 2005. “Synthesis and 
characterization of hard metal coatings by electro-plasma technology.” Surface & Coatings 
Technology 200(5-6):1587-1594. 
55. Hedayati, A, A Najafizadeh, A Kermanpur, and F Forouzan. 2010. “The effect of cold 
rolling regime on microstructure and mechanical properties of AISI 304L stainless steel.” 
Journal of Materials Processing Technology 210:1017–1022. 
56. Heil, B, U Czarnetzki, R Brinkmann, and T Mussenbrock. 2008. “on the possibility of 
making a geometrically symmetric RF-CCP discharge electrically asymmetric.” Journal of 
Physics D: Applied Physics 41(16):165202. 
57. Hickling, A and M D. Ingram. 1964. “Glow-discharge Electrolysis.” Journal of 
Electroanalytical Chemistry 8(1):65-81. 
58. Hickling, A and J Maxwell. 1955. “The anodic dissolution of amalgams at stationary 
electrodes.” Transactions of the Faraday Society 51:44-54. 
59. Hoho, P. 1894. “Phenomena calorifique produit par le courant electrique au contact d'un 
solide et un liquide.” La lumiere electrique 52:165. 
60. Hughes, D S. and J L. Kelly. 1953. “Second-order Elastic Deformation of Solids.” 
Physical Review 92(5):1145-1149. 
61. Ikonopisov, S. 1977. “Theory of Electrical Breakdown during formation of Barrier 
anodic films.” Electrochimica Acta 22:1077-1082. 
62. Iroh, J O. and W Su. 2000. “Corrosion performance of polypyrrole coating applied to 
low carbon steel by an electrochemical process.” Electrochimica Acta 46:15-24. 
 141 
 
63. Issartel, C, H Buscail, E Caudron, R Cueff, F Riffard, S Messki, S Perrier, P Jacquet, 
and M Lambertin. 2004b. “Nitridation effect on the oxidation of a austenitic stainless steel AISI 
304 at 900C.” Applied Surface Science 225(1-4):14-20. 
64. Issartel, C, H Buscail, E Caudron, R Cueff, F Riffard, S Perrier, P Jacquet, and M 
Lambertin. 2004a. “Influence of nitridation on the oxidation of a 304 steel at 800C.” Corrosion 
Science 46:2191-2201. 
65. Kang, K J., J H. Song, and Y Earmme. 1990. “Fatigue crack growth and closure 
behaviour through a compressive residual stress field.” Fatigue & Fracture of Engineering 
Materials & Structures 13(1):1-13. 
66. Karpushenkov, S A., G L. Shchukin, A L. Belanovich, V P. Saven, and A I. Kulak. 2010. 
“Plasma electrolytic ceramic-like aluminum oxide coatings on iron.” Journal of Applied 
Electrochemistry 40:365-374. 
67. Kayumov, R R. and F M. Gaisin. 2008. “Some Features of a Multichannel Discharge 
between a Jet of Electrolyte and an Electrolytic Cell at Atmospheric Pressure.” High 
Temperature 46(5):718-720. 
68. Kellogg, H H. 1950. “Anode effect in aqueous electrolysis.” Journal of the 
electrochemical society 97:133. 
69. Khlyustova, A V., A M. Manakhov, A I. Maksimov, and M S. Khorev. 2009. “The 
association of electric and optical properties of plasma-solution systems.” Surface Engineering 
and Applied Electrochemistry 45(5):364-369. 
70. Klapkiv, M D., H M. Nykyforchyn, and V M. Posuvailo. 1994. “Spectral Analysis of an 
Electrolytic Plasma in the Process of Synthesis of Aluminum Oxide.” Materials Science 
30(3):333-343. 
71. Klupfel, K. 1905. Ann. Physik 16(4):574. 
72. Knight, de B. H. 1960. The Arc Discharge: Its application to power control. London: 
Chapman & Hall. 
73. Kolb, J F., R P. Joshi, S Xiao, and K H. Schoenbach. 2008. “Streamers in water and 
other dielectric liquids.” Journal of Physics D: Applied Physics 41:234007. 
74. Kramer, E N. and V W. Meloche. 1934. Journal of American Chemistry Society 
56(5):1081-1083. 
75. Krysmann, W, P Kurze, K H. Dittrich, and H G. Schneider. 1984. “Process 
Characteristics and Parameters of Anodic Oxidation by Spark Discharge(ANOF).” Crystal 
Research & Technology 19(7):973-979. 
76. Kunhardt, E E. and L H. Luessen, eds. 1983. Electrical Breakdown and Discharges in 
Gases-fundamental Processes and Breakdown. New York: Plenum Press. 
77. Kutepov, A M., A G. Zakharov, A I. Maksimov, and V A. Titov. 2003. 
“Physicochemical and Engineering Problems in Studies on Plasma-Solution Systems.” High 
Energy Chemistry 37(5):317-321. 
 142 
 
78. Lakatos-Varsanyi, M and D Hanzel. 1999. “Cyclic voltammetry measurements of 
different single-,bi and multilayer TiN and single layer CrN coatings on low-carbon-steel 
substrates.” Corrosion Science 41:1585-1598. 
79. Lau, M L. and E J. Lavernia. 1999. “Microstructural evolution and oxidation behavior of 
nanocrystalline 316-stainless steel coatings produced by high-velocity oxygen fuel spraying.” 
A272:222-229. 
80. Lee, H Y., H N. Choi, Y J. Jung, H S. Uhm, and B K. Kang. 2003. “Sewage sludge 
treatment by arc discharge.” Pulsed Power Conference, 2003. 14th IEEE International 2:1247-
1249. 
81. Lee, H, D Kim, J Jung, Y Pyoun, and K Shin. 2009. “Influence of peening on the 
corrosion properties of AISI 304 stainless steel.” Corrosion Science 51:2826–2830. 
82. Liang, J, M A. Wahab, and S M. Guo. 2011. “Corrosion Behavior of SS 304 with Ball 
Milling and Electrolytic Plasma Treatment in NaCl Solution.” Annual Conference on 
Experimental and Applied Mechanics, pp. 73-80. 
83. Liang, J, K Y. Wang, S M. Guo, and M A. Wahab. 2011. “Influence of Electrolytic 
Plasma Process on Corrosion Property of Peened 304 Austenitic Stainless Steel.” Materials 
Letters 65:510-513. 
84. Liger-belair, G, M Vignes-Adler, C Voisin, and B, J. P. Robillard. 2002. “Kinetics of 
gas discharging in a glass of champagne: the role of nucleation sites.” Langmuir 18:1294-1301. 
85. Lin, C, C Chang, and W Tsai. 2004. “Morphological and microstructural aspects of 
metal dusting on 304L stainless steel with different surface treatments.” Oxidation of Metals 
62(314):153. 
86. Lisovskiy, V A., S D. Yakovin, and V D. Yegorenkov. 2000. “Low-pressure gas 
breakdown in uniform dc electric field.” Journal of Physics D: applied Physics 33:2722-2730. 
87. Liu, T, Y Yin, S Chen, X Chang, and Cheng S. 2007. “Super-hydrophobic surfaces 
improve corrosion resistance of copper in seawater.” Electrochimica Acta 52:3709-3713. 
88. Llewellyn-Jones, F. 1957. Ionization and Breakdown in Gases. London: Methuen. 
89. Llewellyn-Jones, F. 1967. Ionization Avalanches and Breakdown. London: Methuen. 
90. Loeb, L B. 1939. Fundamental Processes of Electrical Discharges in Gases. New York: 
Wiley. 
91. Loeb, L B. and M J. Meek. 1947. Mechanism of the Electric Spark. Stanford: Stanford 
University Press. 
92. Lozano-Perez, S, K Kruska, I Lyengar, T Terachi, and T Yamada. 2012. “The role of 
cold work and applied stress on surface oxidation of 304 stainless steel.” Corrosion Science 
56:78-85. 
93. MacDonald, D D. and B Roberts. 1978. “The Cyclic Voltammetry of Carbon steel in 
Concentrated Sodium Hydroxide solution.” Electrochimica Acta 23:781-786. 
94. Ma, M and R M. Hill. 2006. “Superhydrophic surfaces.” Current Opinion in Colloid and 
Interface Science 11:193-202. 
 143 
 
95. Maksimov, A I. and A V. Khlyustova. 2009. “Physical Chemistry of Plasma-solution 
systems.” High Energy Chemistry 43(3):149-155. 
96. Maksimov, A I. and A V. Khlyustova. 2009. “Properties of the Cathode Region of Low-
Voltage Atmospheric-pressure discharge with eletrolytic electrodes.” High Energy Chemistry 
43(6):505-508. 
97. Maksimov, A I., I K. Naumova, and A V. Khlyustova. 2008. “Effect of the properties of 
Solution on the transfer of componets to the plasma zone and their emission in an Electrolytic-
Cathode Glow Discharge.” High Engery Chemistry 42(6):488-491. 
98. Malik, M A. 2003. “Synergistic effect of plasmacatalyst and ozone in a pulsed corona 
discharge reactor on the decomposition of organic pollutants in water.” Plasma Sources Science 
and Technology 12(4):S26. 
99. Malik, M A., U U. Rehman, A Ghaffar, and K Ahmed. 2002. “Synergistic effect of 
pulsed corona discharge and ozonation on decolourization of methylene blue in water.” Plasma 
Sources Science and Technology 11(3):236. 
100. Maximov, A I., L A. Kuzmicheva, A Y. Nikiforov, and J V. Titova. 2006. “The 
observation of plasma structures in electrolyte solution.” Plasma Chemistry and Plasma 
Process 26:205-209. 
101. Mei, Q S. and K Lu. 2007. “Melting and superheating of crystalline solids: from bulk to 
nanocrystals.” Progress in Materials Science 52:1175-1262. 
102. Meletis, E I., X Nie, F L. Wang, and J C. Jiang. 2002. “Electrolytic plasma processing 
for cleaning and metal-coating of steel surfaces.” Surface and Coatings Technology 150:246–
256. 
103. Morse, H W. 1904. “Spectra from the Wehnelt interrupter.” Astrophysical Journal 
19:162. 
104. Mouri, L, I Mabille, C Fiaud, and J Amouroux. 2002. “Improvement of the corrosion 
resistance of a low carbon steel using a two step plasma treatment.” Corrosion Science 44:2089-
2099. 
105. Nie, X, EI Meletis, , A Leyland, AL Yerokhin, and A Matthews. 2002. “Abrasive 
wear/corrosion properties and TEM analysis of Al2O3 coatings fabricated using plasma 
electrolysis.” Suface and Coatings Technology 149:245-251. 
106. Nie, X, C Tsotsos, A Wilson, A L. Yerokhin, A Leyland, and A Matthews. 2001. 
“Characteristics of a plasma electrolytic nitrocarburising treatment for stainless steels.” Surface 
and Coatings Technology 139:135-142. 
107. Nie, X, A Wilson, A Leyland, and A Matthews. 2000. “Deposition of duplex 
Al2O3/DLC coatings on Al alloys for tribologival applications using combined micro-arc 
oxidation and plasma-immersion ion implantation techinque.” Surface and Coatings 
Technology 131(1-3):506-513. 
108. Oguzie, E E., Y Li, and F H. Wang. 2007. “Effect of surface nanocrystallization on 
corrosion and corrosion inhibition of low carbon steel: Synergistic effect of methionine and 
iodide ion.” Electrochimca Acta 52:6988-6996. 
 144 
 
109. Orazem, M E. and B Tribollet. 2008. Electrochemical Impedance Spectroscopy. John 
Wiley & Sons. 
110. Orlov, A M., I O. Yavtushenko, and M V. Churilov. 2010. “Kinetics of the Formation of 
gas bubbles during polarization of Copper and Graphite electrodes in electrolytic aqueous 
solutions.” Journal of Surface Investigation, X-ray, Synchrotron and Neutron Techniques 
4(5):831-835. 
111. Orlov, AM, IO Yavtushenko, and AV Zhuravleva. 2010. “Strating Regimes of Plasma 
Excitation in Conducting Aqueous Solutions.” Technical PHysics 55(2):219-224. 
112. Pan, J, C Leygraf, R F. A. Jargelius-Pettersson, and J Linden. 1998. “Characterization of 
High-Temperature Oxide Films on Stainless Steels by Electrochemical-Impedance 
Spectroscopy.” Oxidation of Metals 50(516):431. 
113. Parfenov, E V., A L. Yerokhin, and A Matthews. 2007. “Impedance spectroscopy 
characterisation of PEO process and coatings on aluminium.” Thin Solid Films 516:428-432. 
114. Park, C I., H E. Jeong, S H. Lee, H S. Cho, and K Y. Suh. 2009. “Wetting transition and 
optimal design for microstructred surfaces with hydrophobi and hydrophilic material.” Journal 
of Colloid and Interface Science 336:298-303. 
115. Paschen, F. 1889. Wied. Ann. 37:69. 
116. Paulmier, T, J M. Bell, and PM Fredericks. 2008. “Plasma electrolytic deposition of 
titanium dioxide nanorods and nano-particles.” Journal of Materials Processing Technology 
208(1-3):117-123. 
117. Pejovic, Momcilo M., N T. Nesic, and Milic M. Pejovic. 2006. “Analysis of low-
pressure dc breakdown in nitrogen between two spherical iron electrodes.” Physics of Plasmas 
13:022108. 
118. Perez, F J., M J. Cristobal, G Arnau, M P. Hierro, and J J. Saura. 2001. “High-
temperature Oxidation Studies of Low-Nickel Austenitic stainless Steel. Part I: Isothermal 
Oxidation.” Oxidation of Metals 55(1-2):105. 
119. Perez, F, M Cristobal, M Hierro, F Pedraza, G Arnaud, and P Merino. 2000. “Effect of 
yttrium and erbium ion implantation on the oxidation behavior of the AISI 304 austenitic steel.” 
Surface Coatings and Technology 126:116-122. 
120. Perez, F J., A Gutierrez, M F. Lopez, M P. Hierro, and F Pedraza. 2002. “Surface 
modification of ion-implanted AISI 304 stainless steel after oxidation process: X-ray absorption 
spectroscopy analysis.” Thin Solid films 415(1-2):258-265. 
121. Perovic, A, D D. Perovic, G C. Weatherly, and D J. Lloyd. 1999. “Precipitation in 
Aluminum alloys AA6111 and AA6016.” Scripta Materialia 41(7):703-708. 
122. Pilling, N B. and R E. Bedworth. 1923. “The oxidation of metal at high temperature.” 
Journal of institute of metals 29:529. 
123. Polyakov, OV, AM Badalyan, and LF Bakhturova. 2003. “The Yields of Radical 
Products in Water Decomposition under Discharges with Electrolytic Electrodes.” High Energy 
Chemistry 37(5):322-327. 
 145 
 
124. Polyakov, O V., AM Badalyan, and LF Bakhturova. 2007. “Electron Emission at the 
Gas Discharge Plasma/Electrolytic Cathode Interface.” High Energy Chemistry 41(6):473-475. 
125. Polyakov, OV, AM Badalyan, and LF Bakhturova. 2008. “Conversion Factors for 
Evaluation of Power Yields for Electrolytic-Cathode Discharge.” High Energy Chemistry 
42(3):248-250. 
126. Polyakov, OV, AM Badalyan, and LF Bakhturova. 2009. “Plasma Electroradiolysis of 
Aqueous Solutions.” High Energy Chemistry 43(3):189-195. 
127. Raceanu, L, V Optasanu, T Montesin, G Montay, and M Francois. 2013. “Shot-Peening 
of Pre-Oxidized Plates of Zirconium Influence of Residual stress on Oxidation.” Oxidation of 
Metals 79:135. 
128. Riffard, F, H Buscail, E Caudron, R Cueff, C Issartel, and S Perrier. 2002a. “Effect of 
yttrium addition by sol-gel coating and ion implantation on the high temperature oxidation 
behaviour of the 304 steel.” Applied Surface Science 1999(1-4):107-122. 
129. Riffard, F, H Buscail, E Caudron, R Cueff, C Issartel, and S Perrier. 2002b. “In-situ 
characterization of the oxide scale formed on yttrium-coated 304 stainless steel at 1000C.” 
Materials Characterization 49:55-65. 
130. Riffard, F, H Buscail, E Caudron, R Cueff, C Issartel, and S Perrier. 2003. “Yttirum sol-
gel coating effects on the cyclic oxidation behaviour of 304 stainless steel.” Corrosion Science 
45(12):2867-2880. 
131. Rose, M E. and S S. Korff. 1941. Phys. Rev. 59:850. 
132. Rudnev, VS, LM Tyrina, AV Zorin, and VV Permyakov. 2010. “Composition, Structure, 
and Catalytic Activity of Ni and Cu containing Plasma Electrolytic Coatings on Titanium.” 
Russian Journal of Applied Chemistry 83(9):1576-1580. 
133. Sabioni, A C. S., R P. B. Ramos, V Ji, F Jomard, W A. A. Macedo, P L. Gastelois, and 
Trindade V. B. 2012. “About the Role of Chromium and Oxygen Ion Diffusion on the Growth 
Mechanism of Oxidation Films of the AISI 304 Austenitic Stainless Steel.” Oxidation of Metals 
78:211. 
134. Schaper, L, WG Graham, and KR Stalder. 2011. “Vapour layer formation by electrical 
discharges through electricaly conducting liquids-modelling and experiment.” Plasma Source 
Science and Technology 20:034003. 
135. Schaper, L, KR Stalder, and WG Graham. 2011. “Plasma production in electrically 
conducting liquids.” Plasma Sources Science and Technology 20:034004. 
136. Sengupta, S K. 1981. “The effect of electrolyte constituents on the onset and location of 
glow-discharge electrolysis.” Journal of Electroanalytical Chemistry 127(1-3):263-265. 
137. Sengupta, SK and OP Singh. 1991. “Contact glow discharge electrolysis: a study of its 
onset and location.” Journal of Electroanalytical Chemistry 301(1-2):189-197. 
138. Sengupta, SK and OP Singh. 1994. “Contact glow discharge electrolysis: a study of its 
of its chemical yields in aqueous inert-type electrolytes.” Journal of Electroanalytical 
Chemistry 369(1-2):113-120. 
 146 
 
139. Sengupta, S K., R Singh, and A K. Srivastava. 1998. “A study on the origin of 
Nonfaradaic behavior of Anodic contact glow discharge electrolysis.” Journal of the 
electrochemical society 145(7):2209-2213. 
140. Sengupta, SK, AK Srivastava, and R Singh. 1997. “Contact glow discharge electrolysis: 
a study on its origin in the light of the theory of hydrodynamic instabilities in local solvent 
vaporization by Joule heating during electrolysis.” Journal of Electroanalytical Chemistry 
427(1-2):23-27. 
141. Shokouhar, M, C Dehghanian, M Montazeri, and A Baradaran. 2012. “Preparation of 
ceramic coating on Ti substrate by plasma electrolytic oxidation in different electrolytes and 
evaluation of its corrosion resistance: part II.” Applied Surface Science 258(7):2416-2423. 
142. Snizhko, LO, AL Yerokhin, A Pilkington, NL Gurevina, DO Misnyankin, A Leyland, 
and A Matthews. 2004. “Anodic process in plasma electrolytic oxidation of aluminium in 
alkaline solutions.” Electrochimica Acta 49:2085-2095. 
143. Son, M, N Akao, N Hara, and K Sugimot. 2001. “Electrochemical and corrosion 
properties of Fe2O3-Cr2O3-MoO2 artificial passivation film in HCl solution.” Journal of the 
Electrochemical Society 148(1):B43-B50. 
144. Steblianko, VL and VM Riabkov. 1997. An Electrolytic Process for Cleaning 
Electrically Conducting Surfaces. (Patent No.5700366). 
145. Steele, B C. H. and A Heinzel. 2001. “Materials for fuel-cell technologies.” Nature 
414:345-352. 
146. Sunka, P, V Babicky, MC Lupek, J Benes, and P Pouckova. 2004. “Localized Damage 
of Tissues Induced by Focused Shock Waves.” Plasma Science 42(4):1609-1613. 
147. Takeda, M, T Onishi, S Nakakubo, and S Fujimoto. 2009. “Physical Properties of Iron-
Oxide Scale on Si-Containing Steels.” Materials Transcations 50(9):2242-2246. 
148. Tang, W and D E. Bray 1996. “Stress and Yielding studies using critical refracted 
Longitudinal waves.” Pp. 41-48 in NDE Engineering Codes and Standards and Material 
Characterization, vol. PVP-vol.322, Proceeding 1996 ASME PVP Conference, Montreal, edited 
by J F Cook, C D Cowfer, and C C Monahan. New York: ASME. 
149. Thompson, R B., W Y. Liu, and A V. Clark. 1996. Handbook of Measurement of 
Residual Stresses. Bethel: Society of Experimental Mechanics. 
150. Tokushige, M, T Nichikiori, and Y Ito. 2010. “Plasma-induced Cathodic Discharge 
Electrolysis to form various metal/alloy nanoparticles.” Russian Journal of Electrochemistry 
46(6):619-626. 
151. Toriyabe, Yu, S Watanabe, S Yatsu, T Shibayama, and T Mizuno. 2007. “Controlled 
formaiton of metallic nanoballs during plasma electrolysis.” Applied physics letters 91:041501. 
152. Townsend, John S. 1910. The Theory of the Ionization of Gases by Collision. London: 
Constable& Company Ltd. 
153. Townsend, John S. 1915. Electricity in Gases. Oxford: Clarendon. 
154. Tyurin, YN and AD Porgrebnjak. 2002. “Specific features of electrolytic-plasma 
quenching.” Technical Physics 47(11):1463-1464. 
 147 
 
155. van Stralen, S and R Cole 1979. “Boiling Phenomena.” Pp. 413-443 in Physicochemical 
and Engineering Fundamentals and Applications. Washington: Hemisphere. 
156. Voevodin, AA, AL Yerokhin, VV Lyubimov, MS Donley, and JS Zabinski. 1996. 
“Characterization of wear protective Al-Si-O coatings formed on Al-based alloys by micro-arc 
discharge treatment.” Surface and Coating Technology 86-87:516-521. 
157. Vogt, H. 1984. “The rate of gas evolution at electrodes-II. An estimate of the efficiency 
of gas evolution on the basis of bubble growth data.” Electrochimica Acta 29(2):175-180. 
158. Vogt, H. 1989. “The problem of the departure diameter of bubbles at gas-evolving 
electrodes.” Electrochimica Acta 34(10):1429-1432. 
159. Vogt, H. 1997. “Contribution to the interpretation of the anode effect.” Electrochimica 
Acta 42(17):2695-2705. 
160. Vogt, H. 2011. “On the gas-evolution efficiency of electrodes I-Theoretical.” 
Electrochimica Acta 56:1409-1416. 
161. Wang, Y, Z Jiang, X Liu, and Z Yao. 2009. “influence of treating frequency on 
microstructure and properties of Al2O3 coating on 304 stainless steel by cathodic plasma 
electrolytic deposition.” Applied surface science 255(21):8836-8840. 
162. Wang, Y, Z Jiang, X Liu, and Z Yao. 2009. “Influence of treating frequency on 
microstructure and properties of Al2O3 coating on 304 stainless steel by cathodic plasma 
electrolytic deposition.” Applied Surface Science 225:8836-8840. 
163. Wang, X and D Li. 2002. “Mechanical and electrochemical behavior of nanocrystalline 
surfaceof 304 stainless steel.” Electrochimca Acta 47:3939-3947. 
164. Wang, ZB, NR Tao, WP Tong, J Ju, and K Lu. 2003. “Diffusion of chromium in anao 
crystalline iron produced by means of surface mechanical attriction treatment.” Acta Materialia 
51:4319-4329. 
165. Wang, F, X Tian, Q Li, L Li, and X Peng. 2008. “Oxidation and hot corrosion behavior 
of sputtered nanocrystalline coating of superalloy K52.” Thin Solid Films 516:5740-5747. 
166. Webster, G A. and A N. Ezeilo. 2001. “Residual stress distributions and their influence 
on fatigue lifetimes.” International Journal of Fatigue 23:375-383. 
167. Wehnelt, A. 1899. “Ein elektrolytischer Stromunterbrecher.” Wideemann's Ann 
(Annalen der Physik) 68:233. 
168. Wu, Y, M Kouno, N Saito, F A. Nae, Y Inoue, and O Takai. 2007. “Patterned 
hydrophobic-hydrophilic templates made from microwave-plasma enhanced chemical vapor 
deposited thin films.” Thin Solid Films 515:4203-4208. 
169. Wuthrich, R. 2009. Micromachining Using Electrochemical Discharge Phenomenon-
Fundamentals and Applications of Spark Assisted Chemical Engraving. 1
st
 ed. Oxford: William 
Andrew. 
170. Yan, Y Y., N Gao, and W Barthlott. 2011. “Mimicking natural superhydrophobic 
surfaces and grasping the wetting process: A review on recent progress in preparing 
superhydrophobic surfaces.” Advances in Colloid and Interface Science 169:80-105. 
 148 
 
171. Yerokhin, AL, A Leyland, C Tsotsos, AD Wilson, X Nie, and A Matthews. 2001. 
“Duplex surface treatments combining plasma electrolytic nitrocarburising and plasma-
immersion ion-assisted deposition.” Surface and Coatings Technology 142-144:1129-1136. 
172. Yerokhin, AL, X Nie, A Leyland, A Matthews, Dowey, and SJ. 1999. “Plasma 
electrolysis for surface engineering.” Surface & Coatings Technology 122(2-3):73-93. 
173. Yerokhin, A, A Pilkington, and A Matthews. 2010. “Pulse current plasma assisted 
electrolytic cleaning of AISI 4340 steel.” Journal of Materials Processing Technology 
210(1):54-63. 
174. Yerokhin, AL, A Shatrov, V Samsonov, P Shashkov, A Leyland, and A Matthews. 2004. 
“Fatigue properties of Kernote coatings on a magnesium alloy.” Surface and Coatings 
Technology 182(1):78-84. 
175. Zhang H, Hei Z. L. G. L. J. L. K. 2003. “Formation of nanostructured surface layer on 
AISI 304 stainless steel by means of surface mechanical attrition treatment.” Acta Mater 
51:1871-1881. 
 
 
  
 149 
 
APPENDIX  
Copyright Release 
1. This is a License Agreement between jiandong liang ("You") and Springer ("Springer") provided by Copyright 
ClearanceCenter ("CCC"). The license consists of your order details, the terms and conditions provided by 
Springer, and the paymentterms and conditions. All payments must be made in full to CCC. For payment 
instructions, please see information listed at the bottom of this form. 
License Number 3161511507432;  License date Jun 03, 2013 
Licensed content publisher Springer ; Licensed content publication High Temperature 
Licensed content title Vapor-air discharges between electrolytic cathode and metal anode at atmospheric 
pressure 
Licensed content author A. F. Gaisin;  Licensed content date Jan 1, 2005;  
Volume number 43; Issue number 1 
Type of Use Thesis/Dissertation 
 
2. This is a License Agreement between jiandong liang ("You") and Elsevier ("Elsevier") provided by Copyright 
Clearance Center ("CCC"). The license consists of your order details, the terms and conditions provided by 
Elsevier, and the payment terms and conditions. All payments must be made in full to CCC. For payment 
instructions, please see information listed at the bottom of this form. 
Supplier Elsevier Limited  The Boulevard,Langford Lane Kidlington,Oxford,OX5 1GB,UK 
Registered Company Number 1982084 
Customer name jiandong liang 
Customer address RM101, ERAD bldg. BATON ROUGE, LA 70803 
License number 3161521133927; License date Jun 03, 2013 
Licensed content Publisher Elsevier; Licensed content  publication Materials Letters 
Licensed content title Influence of electrolytic plasma process on corrosion property of peened 304 austenitic 
stainless steel 
Licensed content author J. Liang,K.Y. Wang,S.M. Guo,M.A. Wahab 
Licensed content date 15 February 2011; Licensed content volume Number 65 
Licensed content issue number3; Number of pages 4 
Start Page 510; End Page 513 
Type of Use reuse in a thesis/dissertation 
 
3. This is a License Agreement between jiandong liang ("You") and Elsevier ("Elsevier") provided by Copyright 
Clearance Center ("CCC"). The license consists of your order details, the terms and conditions provided by 
Elsevier, and the payment terms and conditions. All payments must be made in full to CCC. For payment 
instructions, please see information listed at the bottom of this form. 
Supplier Elsevier Limited The Boulevard,Langford Lane Kidlington,Oxford,OX5 1GB,UK 
Registered Company Number 1982084 
Customer name jiandong liang 
Customer address RM101, ERAD bldg. BATON ROUGE, LA 70803 
License number 3173200199267; License date Jun 20, 2013 
Licensed content publisher Elsevier; Licensed content publication Elsevier Books 
Licensed content title Micromachining Using Electrochemical Discharge PhenomenonFundamentals and 
Applications of Spark Assisted Chemical Engraving 
Licensed content author Rolf Wüthrich 
Licensed content date 2009 ; Number of pages 9 
Start Page 1; End Page 9 
Type of Use reuse in a thesis/dissertation 
  
 150 
 
VITA 
Mr. Jiandong Liang was born in Shanghai, China. With enormous support from his parents, he 
received bachelor of engineering (with Honors) in Mechanical Engineering in 2007 from University of 
Adelaide, Australia. In summer of 2008, he decided to continue on his academic career and joined in a 
PhD program from department of mechanical engineering in Louisiana State University. This program 
is planned to complete in summer of 2013. 
